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Symbol  Definition 


f Frequency,  cycles/tine 

t AnplituOe 

X Move  length 

T*  PerioC 


Angular  frequency  ■ 2if 


V Frequency  of  electromagnetic  radiation 

y Dtsolacement 

c Celerity 

F Frequency  cutoff 

; Damping  coefficient 

Q Stored  quantity 


Capaci tan 


Definttion 


High  frequency  boundary  ■ 
SanoUng  interval 
Low  frequency  boundary  = 1/tg 
Period  of  observation 
Phase  angle 


turnovers  * 10,  *^3  * stable  {B2.7t  of 

the  time]  and  used  the  most  power  (37.61  of  the  time). 

A11  titodels  tested  displayed  increasing  power  use  and  trans- 
formation at  lower  input  freouencies  as  would  be  expected  for  a low 
pass  filter.  Freguency  matched  and  or  noisy  input  signals  transfomed 
more  power  when  modulated  than  when  superposed. 

The  position  of  a second  energy  source  entering  a chain  was 
the  most  important  factor  in  determining  the  wave  filter  pattern 
observed.  The  position  of  the  high  frequency  cutoff  and  resonant  peaks 
was  a function  of  turnover.  Matching  input  frequencies  to  turnover 
properties  usually  determined  power  capture. 

Filter  design  during  self-organization  was  studied  where  the 
invading  salt  marsh  in  New  Zealand  was  outcompeting  the  native  marsh. 
The  frequency  response  pattern  of  the  Soartina  marsh  had  a filter 
pattern  with  a minimum  power  capture  at  10  cycles/year.  Therefore, 
it  was  well  adapted  to  capture  solar  input  variations  which  occur  at 
higher  and  lower  freguency.  Resonance  was  found  in  the  organization 
of  the  new  marsh  trophic  chain  in  response  to  interaction  of  annua!  and 
diurnal  frequencies.  Wave  filter  types,  high  freguency  cutoff, 
resonance,  and  modulation  were  found  in  basic  ecosystem  designs  and  in 
evaluated  ecosystem  models. 

In  sunmary,  by  organizing  filter  properties  ecosystems  can 


the  climate  of  Input  frequencies. 


INTFtOOUCTION 


Understanding  structure  and  processes  of  environmental  systems 
repulres  general  concepts  and  models  which  simolify  ccmipiexity  and 
provide  means  for  prediction.  This  dissertation  esamlnes  the  efficacy 
of  an  energy  based  wave  filter  approach  to  understanding  ecosystem 
structure  and  function.  The  concept  of  an  ecosystem  as  a nonlinear  wave 
filter  was  used  to  explore  aspects  of  the  design  of  ecosystems  which 
facilitate  the  production  and  use  of  power.  The  interactions  of  geo- 
physical, biological,  and  cultural  phenomena  with  an  ecosystem  ray  be 
expressed  in  terms  of  the  transfer  of  signal  frequencies  from  external 
forcing  functions  to  the  ecosystem  components. 

Self  organization  of  designs  capable  of  absorbing  source  ener- 
gies in  all  their  various  frequencies  may  maximize  available  energy.  In 
this  dissertation  frequency  spectra  of  sources  are  related  to  filter 
characteristics  and  energy  capture  of  ecosystem  models.  A study  of  the 
newly  Invading  exotic  salt  marsh  in  hew  Zealand  was  used  to  study  the 
role  of  filter  design  in  self  organization. 

Study  of  the  behavior  of  wave  forms  passing  through  a system 
is  a technique  traditionally  used  for  systems  analysis  (Milsum,  1966). 
Since  many  of  the  natural  and  cultural  phenomena  influencing  ecosystems 
are  populations  of  waves  of  various  frequency,  analysis  of  response  to 
inputs  from  external  energy  sources  is  appropriate  for  the  study  of 


ecosystems, 


Ecosystems  iiay  have  inherent  tendencies  to  oscillate  and  pul- 
sate, even  when  their  Inputs  are  steady.  Such  systems  may  have  their 
oscillatory  tendencies  accentuated  by  oscillating  inputs,  a property 
sometimes  called  resonance.  The  study  of  the  absorption  of  Input  wave 
forms  is  useful  whether  resonance  exists  or  not.  The  frequency  charac- 
teristics of  the  external  input  waveforms,  thewave  forms  within  the 
ecosystem,  and  the  relationship  of  these  waves  are  all  pertinent  to 
understanding  the  designs  of  ecosystems  and  their  causes. 

Freouencv  Characteristics 

In  this  study  frequency  denotes  the  number  of  repetitions  of  a 
periodic  process  per  unit  time.  Both  the  ecosystems  and  tne  system  of 
phenomena  influencing  ecosystems  nay  be  thought  of  as  hierarchially 
organized  populations  of  nonlinear  pulsators  that  generate  wave  forms. 
Frequency,  magnitude,  and  energy  of  these  wave  forms  are  important 
parameters.  A list  of  characteristics  common  to  many  natural  phenonenoa 
and  their  Implications  is  given  in  Table  1. 

The  magnitude  of  energy  flow  and  storage  are  general  measures 
of  the  size  of  a phenomenon.  The  energy  magnitude  of  a wave  form  can 
be  expressed  as  the  energy  of  a mean  level  plus  the  energy  in  the  ampli- 
tude of  the  wave  form  including  that  of  the  small  waves  regarded  as 
noise  in  the  system.  Frequency  is  another  measure  of  size  1f  the  system 
Inputs  are  matched  by  system  response. 

Frequency,  magnitude  and  energy  of  oscillations  are  the  products 
of  thermodynamically  irreversible  processes  which  are  directed  in  time. 
Prigogine  (1982)  eiplaines  how  time  is  a kind  of  operator  for  phenomena 


TaBle  1-  Sore  Important  cHaracteHstics  of  many  natural  ohenomena 


Assuneo  Characteristic  Implication 


(1)  They  are  pulsators 

Variability,  frepuency,  and  magnitude 
are  important. 

(2)  They  are  puasi-periodic 
to  periodic 

Simplitication  to  the  periodic  case 
is  a good  first  approximation  of 
behavior.  Freguency  domain  nay  be 
useful  in  analysis. 

(3)  They  are  ordered 
hierarchi cally 

Tine  constant  structure  may  produce 
distinct  patterns  in  the  freguency 
domain. 

(4)  Sum  of  above 

To  understand  and  further  to  manage 
ecosystems  we  must  understand  how 
they  are  structured  to  handle  vari- 

In  whicfl  thers  are  one  or  more  intrinsic  tines  that  nay  be  associateo 
with  an  irreversible  phenomenon  based  ppon  its  dissipation  of  energy. 
These  intrinsic  times  of  a system  conponent  and  their  interaotions 
Hill  determine  the  wave  filter  characteristics  of  the  system.  One 
simple  example  of  an  intrinsic  time  is  the  turnover  of  a stored  guan' 
tity.  The  frequency  of  oscillating  wave  forms  is  almost  always  due  to 
interactive  processes.  However,  the  ability  to  oscillate  and  the 
frequency  of  oscillation  are  determined  by  the  turnover  characteristics 
of  the  storages.  Intrinsic  times  may  be  defined  as  the  turnovers  vdiich 
are  directly  associated  with  the  energy  constraints  to  which  an  indi- 
vidual phenomenon  is  subject.  Some  examples  of  intrinsic  times  are  the 
generation  and  turnover  times  for  organisms  and  turnover  times  for  water 

Host  variations  observed  in  nature  have  frequencies  which  are 
due  to  the  interaction  of  individual  pnenomena  with  one  another. 
Interactive  frequencies  may  be  further  divided  into  those  frequencies 
which  are  due  to  interactions  of  the  elements  within  a system  and  those 
frequencies  which  are  derived  from  elements  or  hierarchies  outside  the 
system  of  concern.  The  latter  are  usually  called  forcing  frequencies, 
whereas  the  former  comprise  the  natural  frequencies  of  a system  (see 
Figure  1).  Seme  examples  of  exogenous  interactive  frequencies  are  the 
diurnal  variation  of  solar  energy  due  to  the  rotation  of  the  earth,  its 
yearly  fluctuation  due  to  the  earth's  revolution  about  the  sun,  and 
the  variation  of  the  ocean  tides  due  to  the  variation  of  the  field  of 
gravitational  attraction  in  the  earth,  moon,  sun  system.  Examples  of 


Figure  1.  Importart  frequency  crtaracterfntics  of  energy  models. 

Component  turnovers  Ti,  Tj,  T3,  forcing  frequencies  fi . 
fpr  fg  and  natural  frequencies  ft,  and  fm  generated  Dy 
trieir  interactions.  Also  shown  are  frequencies  transmitted 
by  storages  fj  and  fy  and  frequency  feedback  through 
storages  f,  aSd  fjj. 


netural  frequencies  such  ereosciHetions  of  alternetinq  production  end 
epidemic  consumption  in  response  to  periods  of  rein  and  drought. 
Interactive  frequencies  of  larger  earth  systems  become  forcing  fre- 
quencies on  smaller  ecosystems.  The  system  of  Interactive  frequency 
classification  is  relative  to  the  placement  of  system  bouhdaries.  Dis- 
tinction between  these  categories  of  frequencies  is  not  always  clear  cut 
in  natural  systems.  For  example,  many  organisms  of  the  intertidal  eco- 
systems have  distinct  periods  of  activity  corresponding  to  the  tidal 
fluctuations,  and  these  periods  which  one  might  believe  to  be  forcing 
persist  as  if  they  were  natural  frequencies  once  the  organism  is  isolated 
from  its  environment  (Palmer.  1974).  In  lone  cases  these  periodicities 
tend  to  lengthen  as  the  separation  from  the  environment  is  extended. 

This  kind  of  observed  behavior  indicates  that  natural  and  forcing 
frequencies  can  and  do  become  closely  related  in  entities  which  evolve 
with  the  ability  to  be  selectively  adapted  for  survival. 

Hierarchical  Organization 

Hierarchical  organizations  are  found  in  almost  all  animate  and 
inanimate  natural  phenomena.  In  the  literature  dealing  with  complex 
systems  the  term  hierarchy  carries  different  connotatipns.  Figure  2 
presents  several  combinations  of  hierarchical  properties.  The  original 
usage  of  the  word  refers  to  a multileveled  system  of  vertical  control 
used  with  reference  to  the  structure  of  religions,  governments,  and 
other  human  systems  [Figure  2(b)].  A related  meaning  from  systems  theory 
implies  a set  of  nested  Chinese  boxes  which  represent  organizational 
levels,  but  instead  of  a single  box  within  each  box,  a whole  set  of  boxes 
is  revealed  when  any  box  is  opened  (Simon,  1973)[Figure  2(a)]. 


Figure  2.  A set  of  diagrams  representing  several  concepts  of  hierarchies 
and  their  properties,  (a)  "Chinese  bo»"  structural  hierarchy 
shOMing  sets  of  elements  for  each  level  of  organization; 

(b)  a divergent  cascade  hierarchy  used  to  describe  one  aspect 
of  turbulence;  (c)  a convergent  hierarchy  building  higher 
organization  also  describing  turbulence;  [d)  a hierarchy  uith 
power  and  control  pathways;  (e)  spatial  hierarchies  showing 
the  convergence  of  power  and  the  divergence  of  control; 

(f)  a tyoical  ecosystem  hierarchy  where  many  small  low  quality 
units  converge  to  a few  large  high  quality  units. 


merarcKfes  may  have  transitions  from  many  units  to  a few  [Figure  2(c)] 
or  from  a few  units  to  many  [Figure  2(b)]  or  both-  Sometimes  the  former 
process  is  designated  as  the  oower  pathway  of  a system  while  the  later 
process  is  tennetl  the  control  pathway  [see  Figure  24(d);  Odum,  1983], 
Many  ecosystems  are  sometimes  conceived  as  hierarchies  that  have  a 
transition  from  many,  small,  low  energy  quality  components  such  as 
phytoplankton  to  a few,  large,  high  energy  quality  components  such  as 
fish  along  a power  pathway  that  is  mediated  by  control  actions  (Odom, 
1979)  [see  Figure  2(f)]. 

This  kind  of  hierarchy  has  a characteristic  spatial  distribu- 
tion in  ecosystems  where  consumers  are  spatially  concentrated  by  con- 
verging power  from  a larger  region  and  in  turn  supplying  control  feed- 
back action  to  this  region  from  which  their  power  is  converged  [see 
Figure  2(e)].  Fiddler  crabs  operating  on  the  surface  of  a Spartina 
marsh  are  an  exanple  of  such  a feedback  control  system  as  shown  by 
Montague  (1980).  Many  physical  systems  are  hierarchies  that  transfer 

that  of  a turbulent  flow  "feeding"  on  a mean  velocity  and  building 
larger  eddies  frcm  it  [see  Figure  2(b)].  In  systems  with  one  energy 
source  energy  flows  along  the  power  pathway  away  from  the  source  of 
energy  for  tne  system  and  feeds  back  along  the  control  pathways  proceed- 
ing toward  this  source.  The  power  pathway  has  a converging  action, 
while  the  control  pathway  has  diverging  action  (Odum,  1983). 

Belationshios  of  Rower,  Frequency,  and  Magnitude 
Power  in  a wave  form  may  be  a function  of  frequency,  magnitude 
or  of  both  together  depending  on  the  physical  system  considered.  In  the 
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physics  of  Havefonns  the  power  of  e progressive  wave  form  is  a function 
of  both  the  square  of  the  wave  frequency  and  the  square  of  the  wave 
anplitude.  Kalliday  and  Resnick  (1974)  derive  this  result  for  one 
dinensional  wave  form  as  follows,  The  one  ditnensional  wave  of  length 

period.  The  power  in  the  wave  is  simply  the  energy  of  the  wave  form 
over  length  k divided  by  the  period  T*.  The  wave  is  assumed  Co  be  com- 
posed of  particles  of  equal  mass  and  at  point  A the  energy  is  all 
potential,  at  point  B itisall  kinetic,  and  at  potntC  it  is  mixed.  The 
kinetic  energy  at  B for  mass  element  dm  is 

dK  . 1/2  dm  (3y/3t)^,  (1) 

The  total  energy  in  every  element  is  taken  to  be  constant.  Thus,  the 
expression  for  kinetic  energy  may  be  summed  over  all  elements  of  X, 
where  u is  the  mass  per  unit  length.  The  power  is  then 

r-J,>(wnn'„  [|{]^,  I!) 

whose  celerity  • c = X/T».  The  velocity  at  point  8 is  the  maximum.  From 
the  equation  for  displacement, 

y » y^  sin  (kX  - ut) 
and  3y/at  ' -wy^  COS  (kX  - <ut) 


(ay.‘3t), 


Figure  3- 


Dlagran  of  i one  (flmensional  wave  fon  moaiffed  from 
Halllday  and  Resnick  (1974).  Definition  of  power  trans- 
mitted past  a point  by  a wave  form  is  compared  with  the 
mean  sauane  power  1n  the  wave  form. 


Therefore 


f^VZv.ZxJyl  (3) 

This  derivation  illustrates  the  fact  that  in  all  physical  sys- 
tems containing  natter  waves  an  analysis  of  energy  flow  through  a point 
in  space  must  consider  both  the  frequency  and  magnitude  characteristic 
of  wave  forms. 

In  physical  systems  containing  electromagnetic  radiation  energy 
Is  known  to  be  a function  of  frequency  only: 

E = hv  (,) 

where  h 1s  Planck's  constant  and  v is  frequency.  In  these  systems  higher 
frequency  gives  an  input  with  more  power  than  one  with  a low  frequency, 
since  the  speed  of  light  is  a constant. 

Ecosystems  generally  are  congiosed  of  components  with  interacting 
wave  forms  which  are  expressed  in  energy  units  or  in  units  which  are 
converted  to  energy  through  multiplication  by  a factor.  Power  In  eco- 
logical systems  is  a function  of  the  steady  flow  of  energy  carrying 
natter  plus  the  energy  of  the  variation.  Here  the  area  under  a sinusoid 
of  period  T»/n  is  a function  of  amplitude  only,  if  the  interval  of 
integration  is  equal  to  or  a multiple  of  the  period  [Crua  and  Van  Valken- 
burg,  1967). 

For  steady  flows  and  wave  forms  of  energy,  Informatioh,  or 
material  input  to  an  ecosystem,  power  is  a function  of  the  magnitude  of 
mean  and  amplitude.  However,  if  the  energy  utilized  by  the  ecbsystem  is 
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affected  by  frequency,  botn  frequency  and  magnitude  must  be  cqnsfdered 
in  any  analysis  of  power  use  by  tne  ecosystem.  The  energy  In  the 
variations  around  the  mean  is  the  variant  power.  The  energy  of  the 
average  flow  Is  the  mean  power. 

The  square  of  tne  displacement,  y,  of  a wave  fonn  can  be 
expressed  as  a variance  (Figure  3],  For  some  quantities  such  as 
velocity  of  water,  variance  Is  proportional  to  energy  as  the  square  of 
displacement.  For  others  such  as  flow  of  food  the  unsquared  magnitude 
is  proportional  to  energy.  For  most  Inputs  to  ecological  systems  where 
energy  is  proportional  to  magnitude,  a mean  square  power  function  can 
be  used  to  determine  the  proportion  of  total  power  used  in  a system 
that  is  contributed  by  the  mean  and  variance  (see  Figure  3). 

Mave  Filter  Concepts 

One  means  of  Investigating  the  frequency  characteristics  of  a 
system  is  to  consider  the  system  or  its  model  as  a wave  filter.  The  wave 
filter  15  a device  for  separating  wave  forms  on  the  basis  of  a differ- 
ence in  frequency.  According  to  G.  A.  Campbell  (1932),  who  was  one  of 
the  developers  of  this  concept,  an  electric  wave  filter  transmits  currents 
of  all  frequencies  lying  within  one  or  more  specified  ranges  and 
excludes  currents  of  all  other  frequencies  without  absorbing  the  energy 
of  these  excluded  frequencies.  Thus,  an  ecosystem  or  model  may  self 
design  in  order  to  match  the  frequency  characteristics  of  its  filter 
to  those  of  the  forcing  energies  entering  the  systet  in  order  to  insure 
that  its  network  power  will  be  a maximum. 

Brillouin  (1962)  observes  that  coninunications  systems  always 
use  a finite  frequency  range  and  a similar  conclusion  may  be  considered 
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when  ecosystems  are  eMirined.  Figure  4 shows  filter  action  with  three 
frequency  ranges.  An  ecosystem  wave  filter  nay  be  of  the  low  pass 
variety  in  which  a11  frequencies  are  passed  from  0 up  to  a cutoff  fre- 
quency, the  band  pass  type  where  frequencies  in  the  range  to 
are  passed  or  the  high  pass  type  where  frequencies  from  a lower 
limit,  to  infinity  are  passed.  No  known  natural  system  passes 
infinitely  great  frequencies  and  therefore  the  high  pass  case  is  dis- 
carded. Since  all  ecosystems  contain  storages  which  are  low  pass  filters, 
this  case  may  be  the  most  coimon.  Ecosystems  may  serve  as  band  pass 
filters  if  inputs  have  a very  wide  frequency  range.  In  ecosystems  the 
upper  frequency  cutoff  of  the  low  pass  ecosystem  filter  nay  be  set 
and  adjusted  In  order  to  obtain  a maximum  network  power  in  the  system. 

The  concept  of  the  high  frequency  cutoff  of  a low  pass  filter 
is  illustrated  in  Figure  5,  whicn  shows  a Bode  plot  for  a first  order 
linear  system.  A Bode  plot  has  the  ratio  of  output  to  input  amplitude 
on  log  scale  as  a function  of  log  of  input  frequency.  The  lower  graph 
is  a plot  fff  the  time  lag  as  a function  of  frequency.  The  high  fre- 
quency cutoff  or  break  frequency  is  the  point  where  frequency  ■ T, 
where  T is  the  turnover  of  the  storage.  For  this  system,  u.  » repre- 
sents the  point  where  a constant  low  frequency  asymptote  intersects  a 
high  frequency  asynptete  of  slope  -1.  Frequencies  beyond  ujj  are  passed 
with  increasing  Inefficiency. 

Time  Constants  and  Ecosystem  Design 
The  frequencies  which  a low  pass  filter  is  able  Co  capture  and 
thereby  pass  into  the  system  ere  detennined  by  its  high  frequency  cutoff. 


IS 


FREQUENCY  (F)  TIME"' 


A dUgrsnnatic  representation  of  three  types  of  wave  filters. 
The  position  of  high  and  low  frequency  cutoffs  are  shown 
for  similar  flows  smaller  storages  tend  to  pass  higher  fre^ 
quencies. 


FREOUENCV  ASYMPTOTE 
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Bode  plot  for  i linear  first  order  system  redrawn  from 
Milsom  (1966).  AR  is  amplltode  ratio;  u Is  the  angular 
velocity  of  one  input  signal;  phase  « is  the  lag  in  degrees 
of  the  sine  functions. 


function  of 


component  tunnoven.  Furthermore, 


systems  may  have  their  power  aujmented  due  to  resonance  phenoinena  when 
their  natural  frequencies  closely  natch  the  frequencies  of  the  system's 
forcing  functions  and  damping  is  below  a threshold.  Figure  6 shows  the 
8ode  plot  of  a second  order  underdamped  linear  system  that  exhibits 
resonance  phenomena  when  the  damping  is  below  a threshold. 

From  these  observations  we  might  expect  the  turnovers  of  the 
system's  components  to  be  important  factors  in  determining  the  magnitude 
and  frequency  of  variable  energy  captured  by  an  ecosystem.  In  addition, 
we  might  speculate  that  there  are  two  kinds  of  turnover  adjustments 
which  affect  power  capture  by  a system. 

First,  all  components  with  similar  turnover  may  be  expected 
to  compete  in  matching  their  high  frequency  cutoff  characteristics  with 
the  frequencies  of  forcing  energies  and  thereby  putcompete  their 
neighbors.  Second,  the  system  filter  as  a whole  may  self  design  a set 
of  components  with  natural  frequencies  that  match  the  energy  frequencies 
available  to  it  through  the  forcing  functions. 

If  we  assume  that  the  system  time  constants  are  parameters 
which  may  be  adjusted  to  maximize  power  used,  then  we  would  like  to  know 
how  these  parameters  might  be  adjusted.  In  terms  of  the  phenomenologi- 
cal equations  of  irrevensible  thermodynamics  (Onsager,  1931)  and  the 
relation  between  a storage  quantity  and  driving  variable  h from  Odum 
0972). 


(5) 


flow. 


conductivity. 


1/R,  and 


Bade  plot  for  an  onderdampad  linear  second  order  system 
redraun  from  Milsum  (1966).  A resonance  piienonenon  is 
seen  when  the  forcing  frequency  u approaches  the  system's 
natural  oscillation  freauency  u , where  c is  the  damping 
coefficient.  ^ 


quantity. 


"poqulatlon  force";  N • Q/C,  where  0 is 
the  caoacitence  of  the  storage.  Then 


C is 


(6) 


ana  RC  is  the  time  constant,  t,  and  RC  = Q/J  « t. 

The  ratio  of  storage  to  flow  may  be  altered  by  changing  either 
R or  C;  R represents  the  pathway  resistivity  and  is  usoaily  a function 
of  physical  constraints  Chat  are  difficult  if  not  impossible  to  alter. 
However,  C.  the  capacity  factor,  is  proportional  to  the  volume  to  sur- 
face area  ratio  and  thus  to  length  for  many  ecosystem  components  (Mum, 
I960,  1967], 

C =■  M/A  • k t (7) 

where  k is  a constant  dependent  on  the  geometnic  shape,  V is  volume,  A 
is  area,  and  I is  length.  Therefore,  a system  component  may  adjust  its 
time  constant  by  altering  its  size.  Smaller  sizes  give  faster  time 
constants  and  greater  flows  per  unit  storage,  which  allows  the  convonent 
to  react  fast  enough  to  capture  higher  frequency  energies  of  the 
forcing  function.  Thus,  one  might  think  of  the  observed  size  hierarchy 
of  many  natural  phenomena  as  an  adaptation  for  capturing  energy  of  a wide 
range  of  forcing  frequencies.  The  adjustment  of  a system  ccmponent's 
capacity  in  order  to  optimize  the  use  of  incoming  energy  frequencies  may 
be  a critical  factor  in  the  maximization  of  network  power.  In  addition, 
the  pathwayconnections  of  a system  may  develop  so  that  component 


interactions  generate  natural  freguencies  that  are  resonant  with  fre^ 
guencles  of  the  forcing  functions,  thereby  further  augtnenting  the  power 
In  a system  network. 


Filter  Boungarles  and  the  Window  of  Observation 
The  Interactions  of  hierarchically  organized  natural  phenomena 
compose  the  vast  web  that  we  observe  as  nature.  One  of  the  tasks  of 
science  Is  to  discover  the  interaction  points  or  the  seams  in  this 
design  which  night  logically  be  used  to  delineate  the  boundaries  of 
systems.  Simon  (1973]  paints  out  that  the  interactions  of  most  natural 
phenomena  are  strongest  when  the  "particles"  or  pulses  are  closest 
together  In  space  and  time;  therefore  systems  of  natural  phencmiena  are 
likely  to  act  as  localized  subsystems  over  which  there  is  a more  or 
less  equally  strong  Meld  of  Interaction.  This  kind  of  interaction 
would  tend  toward  the  fonnation  of  hierarchical  levels  of  increasing 
degrees  of  aggregation  as  different  energy  sources  come  into  play; 
where  these  systems  are  composed  of  nonlinear  oscillators,  eacn  Indi- 
vidual level  may  have  associated  with  It  one  or  more  frequencies.  Simon 
(1973)  states  that  if  all  frequencies  of  an  arbitrarily  determined  system 
of  n degrees  of  freedcm  are  arranged  in  descending  order  fran  the 
highest  to  the  lowest,  then  we  might  take  advantage  of  tne  aforemen- 
tioned property  of  the  aggregation  of  natural  phenomena  called  "near- 
deconposibinty"  in  order  to  obtain  an  estimate  of  the  important  variable 
frequencies  in  the  system.  This  task  Is  acctmiplished  by  chosing  a maxi- 
mum time,  tj..  over  which  the 


system  Is  observed 


mlniniuni 


between  observations  of  the  systen.  These  arbitrariiy 


chosen  limits  detensine  an  upper  frequency  boundary,  \/2  and  a 
lower  frequency  boundary,  1/tg,  which  describe  the  system  of  variables 
of  concern  (see  Figure  7).  This  general  rule  in  systems  theory  Is 
derived  from  principles  for  data  acquisition  and  record  length  used  in 
the  statistical  theory  of  comnunications.  This  method  of  defining  a 
system  for  study  selects  an  arbitrary  frequency  window  through  which  the 
natural  phenomena  of  interest  may  be  viewed.  This  frequency  window  is 
a kind  of  filter  used  to  establish  system  boundaries  in  this  study.  A 
frequency  window  was  defined  on  a spectrum  of  input  signals  and  was  used 
to  delimit  the  boundaries  of  ecosystems  and  their  models  in  the  frequency 


Frequency  response  analysis  is  a well  developed  and  useful 
technique  in  engineering  systems  analysis.  A good  review  of  this  sub- 
ject may  be  found  in  many  texts  Including  DiStefano  et  al,  (1967), 
Grodins  (1963),  and  Lee  (1960).  Hllsum  (1966)  and  Hilhom  (1966) 
review  this  subject  with  biological  systems  applications.  In  general, 
frequency  response  analysis  and  other  engineering  systems  analysis  tech- 
niques have  been  most  successful  when  applied  to  linear  systems  in  order 
to  solve  design  problems  encountered  in  the  construction  of  useful 
electrical  or  mechanical  devices.  Sandberg  (1964)  among  others 
extended  this  approach  to  nonlinear  systems  by  considering  the  system 
under  Investigation  to  be  composed  of  a linear  element  and  one  or  more 
nonlinear  elements.  A discussion  of  linearization  methods  for  nonlinear 


systems  may  be  founO  In  Brogan  (1974).  One  extremely  useful  aspect  of 
freguency  response  analysis  1s  the  ability  to  determine  under  what 
Input  conditions  a system  will  be  stable.  Stability  criteria  for  feed- 
back systems  were  first  elucidated  by  Nyoulst  (1932).  A good  histori- 
cal collection  of  papers  on  freguency  response  and  stability  analysis 
In  electrical  engineering  from  Nyquist  to  the  present  may  be  found  in 
MacFarlane  (1979). 

A general  Introduction  to  the  analysis  of  signals  and  the  filter 
concept  In  electrical  engineering  is  found  in  Cruz  and  Van  Valkenburg 
(1967).  A more  detailed  consideration  of  analog  and  digital  filters  Is 
given  by  Lam  (1979).  Otnes  and  Enochson  (1978)  discuss  concepts  and 
methods  for  time  series  and  digital  filter  analysis. 

Child  and  Shugart  (1972)  applied  frequency  response  analysis  to 
a linear  model  of  magnesium  cycling  In  a tropical  forest  ecosystem. 

They  pointed  out  the  potential  usefulness  of  this  technique  in  describing 
properties  of  the  ecosystem  as  well  as  of  Its  conponent  parts.  Child 
and  Shugart  (1972)  used  Bode  plots  to  characterize  the  behavior  of  a 
linear  trophic  chain.  By  breaking  a feedback  loop  they  were  able  to  use 
the  Mchols  diagram  (see  DIStefano  et  al.,  1967)  to  describe  the  closed 
loop  frequency  response  and  stability  from  data  taken  for  the  open  loop 
case.  They  also  examined  the  natural  freguency,  damping  and  resonance 
In  their  system  and  found  that  the  tropical  moist  forest  was  highly 
damped  with  a very  low  natural  resonant  frequency  around  0.01  cycles 

Waide  and  Uebster  (1976)  reviewed  the  application  of  several 
engineering  techniques  to  ecosystem  analysis.  Among  these  techniques 
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was  frequency  response  analysis  and  its  application  to  determining 
stability  In  the  frequency  domain.  Uaide  and  Webster  (1976)  gave  a brief 
account  of  the  frequency  response  technique  and  all  applications  con- 
sidered by  them  are  for  linear  feedback  systems  where  energy  was  not 
considered  as  one  of  the  input-output  variables.  In  addition  to  Child 
and  Shugart  (1972),  Waide  and  Webster  list  two  similar  frequency 
response  studies  of  mineral  cycling  in  forest  ecosystems.  Waide  et  al. 
(1974)  examined  calcium  cycling  in  temperate  forests  and  Shugart  et 
al.  (1976)  examined  calcium  cycling  in  a Li riodendron  forest. 

In  expressing  ecosystems  as  analogous  energy  circuits  Odum 
(I960,  1967,  1971)  recognized  tne  applicability  of  electrical  engineer- 
ing techniques  in  general  to  ecosystems  analysis.  Allen  and  Starr 
(1982)  state  that  Koesler  (1967)  realized  that  hierarchical  complexity 
In  living  systems  may  be  described  with  the  concept  and  properties  of 
a filter.  Allen  and  Starr  (1982)  point  out  that  the  idea  of  signal 
filters  is  basic  for  engineers  and  they  give  exan^iles  of  its  signifi- 
cance in  aiding  ecologists  to  understand  the  complexity  of  living  sys- 
tems. This  study  was  based  on  insights  from  a systems  ecology 
perspective  rather  than  a population  ecology  perspective.  It  is 
interesting  that  many  of  the  concepts  useful  in  describing  the  behavior 
of  ecosystems  such  as  filters,  signals,  feedback  or  constraints  and 
scale  or  the  time  constant  and  spatial  size  of  units  appear  in  both 
approaches. 

The  ccncept  of  power  as  a guiding  principle  for  evolution  was 
first  proposed  by  Lotka  (1922).  Odum  (1979)  discussed  principles  of 
hierarchy  and  energy  quality  dictated  by  the  laws  of  tnermodynamics 
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and  the  maxinuiii  power  principle  that  act  to  determine  ecosystem  designs, 
spatlotemporal  structures,  and  relationships.  In  the  present  study 
this  work  is  expanded  on  by  specifically  considering  the  role  of  energy 
input  frequencies  in  establishing  system  designs  that  give  maxlnum  power 
production. 

The  concept  of  hierarchy  and  the  organization  of  systems  was 
examined  in  a Ph.b.  dissertation  by  Brown  (1930).  Ke  gives  a thorough 
review  of  many  concepts  and  studies  of  hierarchical  systems.  In  addi- 
tion, he  examined  a series  of  five  unit  chain  mininodels  In  order  to 
determine  their  dynamic  behavior  when  perturbed,  Limburg  (1961) 
simulated  a set  of  three  unit  web  models  with  an  external  energy  source 
forcing  each  component  in  order  to  determine  the  effect  of  energy  signa- 
ture on  system  behavior, 

Richardson  and  Odum  (19S1}  examined  the  behavior  of  a pulsing 
minimodel  at  two  ecological  scales.  These  simulations  show  that  the 
model  went  through  a range  of  natural  oscillation  as  a steady  energy 
source  was  increased,  for  a given  energy  source  and  increasing  total 
carbon  in  the  model  the  most  energy  was  captured  In  the  range  of  oscil- 
lation. They  note  that  this  may  not  be  a global  maximum  since  total 
power  captured  also  began  to  increase  when  the  top  consumer  maintained 
a steady  state  of  high  power  production.  They  reported  a natural  pulse 
period  of  200-3M  years  when  the  model  was  calibrated  with  values  simi- 
lar to  those  for  a forest  ecosystem. 

In  biology  there  has  been  considerable  study  of  the  relation- 
ship between  the  frequencies  of  geophysical  cycles  and  the  rhythms  mani- 
fested by  living  organisms.  Palmer  (1976)  provides  a good  overall 
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Buimary  of  knwledge  In  this  field.  Palmer  (1974)  considered 
specifically  biological  rhythms  in  marine  organisms  and  Luce  (1971) 
presents  extensive  information  on  rhythms  in  human  and  animal  physiol- 
ogy. Biological  rhythms  are  classified  as  circadian  (24  hours), 
circalunadian  (24.8  hours),  circatidal  (12.4  hours),  etc.  because 
these  frequencies  tend  to  persist  in  isolated  organisms  with  frequen- 
cies that  are  approximately  equal  to  the  geophysical  periodicities  by 
which  they  are  named. 

The  essence  of  the  theoretical  problem  presented  by  these 
investigations  is  to  detennine  the  nature  of  the  biological  clock  which 
correlates  organism  activities  with  input  frequencies  (Palmer,  1976). 

The  major  controversy  exists  between  proponents  of  an  escapement  clock 
and  those  of  a nonescapement  clock.  Escapement  clocks  ane  those  with 
a working  mechanism  to  generate  a time  signal  like  a pendulum,  whereas 
nonescapement  clocks  take  their  time  signal  from  an  external  source  such 
as  an  electrical  clock.  Both  the  major  types  of  theoretical  explana- 
tion for  biological  clocks  are  compatible  with  a wave  filter  perspective 
on  the  problem,  since  an  external  driving  signal  must  have  a receiving 
unit  and  an  internal  pulse  generator  must  still  be  influenced  by  an 
external  signal  in  order  to  matcn  its  frequency.  Biological  clocks  of 
living  organisms  are  probably  another  aspect  of  frequency  filters  and 
therefore  their  mechanism  may  well  be  based  on  a biocnemical  or  membrane 
activity  turnover. 

Study  Plan 

In  this  study  filter  properties  of  well  known  ecosystem  designs 
were  studied  by  means  of  computer  simulations  that  generated  graphs  of 
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frequency  response,  energy  flow,  and  power  utilization.  Configurations 
studied  included  conpetition,  trophic  chains,  and  webs.  These  were 
diagramed,  calibrated  with  flows  and  storages  consistent  with  energy 
laws,  ahd  represented  with  differential  equations.  Consiuter  simulations 
were  made  to  analyte  the  power,  stability,  and  temporal  patterns  in 
response  to  input  frequencies  from  one  or  two  energy  sources  of  various 
kinds.  Filter  characteristics  of  the  various  ecosystem  designs  were 
recorded  in  the  frequency  domain  with  Bo0e-1ike  plots  and  their  proper- 
ties were  described. 

Several  evaluated  models  of  the  ecosystem  now  organizing  around 
invading  Spartina  townsendii  sensulato  at  Havekock,  New  Zealand,  were 
employed  to  illustrate  how  these  principles  might  operate  in  ecosystems. 
The  significance  of  cpopetition,  trophic  chain  organization,  and  salt 
marsh  ecosystem  structure  and  function  were  ezamined  by  means  of  fre- 
quency response  analysis  of  models  representing  these  processes  in  the 
invading  Spartina  ecosystem. 


METHODS 


Methods  used  in  thfs  study  were  taken  from  two  major  sources, 
energy  systems  analysis  and  comrunlcations  engineering.  Simulation 
models  were  the  major  technioue  used  to  investigate  the  applicability 
of  oamunlcatlDns  and  systems  engineering  methods.  Methods  Include 
definition  of  concepts  and  the  energy  language  used  to  diagram  ener- 
getic and  mathematical  relationships. 

The  Energy  Circuit  Language 

A dlagraimiatic  network  language  was  used  to  design  and  repre- 
sent systems,  eiplaln  concepts,  and  define  simulation  experiments  on 
filtering  properties  of  systems.  There  are  many  such  languages  In  use 
In  various  fields.  Among  them  are  Forrester's  Industrial  dynamics, 
Paynter's  bond  diagrams,  Influence  diagrams,  and  many  others.  The 
energy  circuit  language  developed  In  the  field  of  ecology  by  H.  T.  Odum 
(1960,  1971,  1972)  will  be  employed  In  this  study  for  the  following 
reasons:  (1)  There  Is  an  exact  correspondence  between  an  energy  circuit 
diagram  and  a set  of  differential  eguations  which  describe  the  time  rate 
of  change  of  the  model  components,  (2)  The  energy  circuit  language 
Includes  the  energetic  as  well  as  the  kinetic  relationships  of  dynam- 
ic systems  and  therefore  concepts  such  as  embodied  energy  and  the 
energy  transformation  ratio  are  easily  expressed  and  analyzed.  (3)  The 
set  of  symbols  and  conventions  which  compose  the  energy  circuit  language 
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illow  the  consistent  representation  of  hierarchy  and  energy  quality  in 
systems.  Figure  B presents  a 11st  of  the  major  component  and  process 
synd)o1s  and  Table  Z contains  a 11st  of  the  basic  rules  and  conventions 
for  the  construction  of  an  energy  circuit  diagram.  Additional  Infor- 
mation on  energy  circuit  language  may  be  found  In  Odum  and  Odum  {1976, 
1981]  and  Odum  (1983]. 

The  ehergy  circuit  language  was  used  to  aid  the  process  of 
system  modeling  and  analysis  In  several  ways.  A large,  detailed  energy 
model  can  be  employed  to  obtain  an  overview  of  an  entire  system.  In 
the  model  the  connectivity  relationships  of  system  components  are 
visually  presented  to  the  mind  as  a whole  Instead  of  piecemeal  In  a 
set  of  equations  and  this  presentation  facilitates  checking,  group  dis- 
cussion, and  understanding  of  the  proposed  model  structure.  Each  energy 
circuit  diagram  translates  Into  a unique  set  of  differential  or  differ- 
ence equations,  which  may  be  used  to  patch  or  write  programs  for 
simulation  by  analog  or  digital  computers,  respectively. 

Certain  model  configurations  occur  again  and  again  in  the 
course  of  the  analysis  of  many  different  kinds  of  systems  using  the 
energy  circuit  language.  In  this  study  minimodels  were  used  to  eyamine 
the  wave  filter  properties  of  several  of  these  coomonly  recurring  forms. 
The  minimodel  Is  a convenient  format  for  the  analysis  of  complex  non- 
linear wave  filters  where  simple  linear  models  and  linearization  tech- 
niques are  Inadequate.  In  the  minimodel,  system  connectivity  relation- 
ships are  reduced  to  a manageable  size,  but  still  retain  some  of  the 
uniqueness  found  In  the  more  complex  phenomenon.  The  behavior  of 


THe  major  symbols  of  tha  energy  circuit  language  used  in  this 
study.  For  more  details  see  Odum  (1981,  1983).  (a)  An 
energy  source  of  forcing  function;  (b)  heat  sink  for  the 
outflow  of  used  energy;  (c)  an  Interaction  where  one  type  of 
energy  A amplifies  another  type  B of  lesser  quality— when  X 
appears  inside  the  symbol  the  flows  in  and  out  are  in  pro- 
portion to  the  product  of  A and  B;  (d)  energy  drawn  from  a 
flow  limited  energy  source;  (e)  a storage  with  depreciation: 
(f)  a general  purpose  box  symbol  for  indicating  boundaries 
and  subsystems;  [g]  self-maintaining  autocatalytic  consumer 
unit;  (h)  a producing  unit  that  contains  autocatalytic  and 
Michaelis-Henten  kinetics.  The  mathematical  relationship  in 
(f),  (g),  and  (h)  are  indicated  by  diagranming  within  the 
symbol  as  in  Figures  10,  18,  and  14, 
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hypotnetical  nlnfiKxlels  was  checked  by  the  simulation  of  data  from  simi- 
lar empirical  systems. 

Develapnent  of  Models 

Models  were  constructed  in  order  to  aid  the  human  mind  in  con- 
ceptualizing and  understanding  the  complexity  of  nature.  A model  is 
built  by  first  identifying  an  appropriate  problem  for  investigation. 
Second,  all  in^ortant  phenomena  bearing  on  the  chosen  problem  are 
identified  and  some  of  these  are  incorporated  into  a system  model- 
Relationships  between  the  system  conponents  may  be  based  upon  theoreti- 
cal considerations,  but  where  possible  each  relationship  should  be 
validated  with  empirical  evidence  in  order  to  insure  that  our  under- 
standing is  correct  as  well  as  to  obtain  more  accurate  predictions  in 
simulation.  The  amount  of  data  available  for  the  calculation  of  model 
parameters  and  the  time  available  for  model  formulation  and  simulation 
may  also  affect  the  accuracy  of  the  model's  results. 

The  models  developed  in  this  study  were  used  to  examine  the  wave 
filter  characteristics  of  ecosystem  structures.  Each  of  these  models 
consists  of  a defined  and  where  possible  documented  set  of  relationships 
between  system  components  within  the  model  and  the  external  forcing 
functions  which  drive  the  system's  dynamic  behavior.  All  models  evalu- 
ated were  composed  of  a set  of  first  order  linear  or  nonlinear  differen- 
tial eQuations.  In  this  study  standard  ecological  generic  unit  models 
studied  in  population  ecology  are  confined  in  models  of  increasing  com- 
plexity so  as  to  include  webs,  multiple  energy  sources,  and  models  of 
observed  ecosystems. 


COCTnunicfltlofu  EfiQl'ieerlnq  Techniques 


The  field  af  classical  and  statistical  ccmminicatisns  and 
control  engineering  grovides  several  techniques  which  are  useful  in  the 
analysis  of  ecosystems  and  their  simulation  models.  These  techniques 
are  usually  employed  for  the  identification  and  the  discovery  of  the 
properties  of  the  transfer  functions  of  linear  systems.  The  transfer 
function  simply  describes  the  relationship  between  the  output  and  the 
input  in  lumped  linear  systems  (Lee,  1960)  (see  Figure  9).  Although  the 
nonlinear  problem  is  not  as  tractable,  some  of  these  techniques  were 
employed  to  gain  Insights  about  the  properties  of  nonlinear  systems. 
Transfer  functions  and  energy  circuit  models  are  both  filters  as  shown 
In  Figure  9,  Some  of  the  classical  communications  engineering  technioues 
which  may  be  useful  In  analysis  of  nonlinear  systems  are  transient  analy- 
sis, frequency  analysis,  classical  harmonic  analysts,  and  the  concept  of 
the  transfer  function  or  filter. 

Classical  Harmonic  Analysis 

Classical  harmonic  analysis  is  the  basic  method  for  the  analysis 
of  continuous  waveforms  in  dynamic  systems.  Classical  harmonic  analysis 
represents  signals  and  noise  as  transient  or  periodic  phenomena  ccmposed 
of  a sum  of  sinusoidal  waveforms.  The  Fourier  transform  pair  allows 
the  composition  of  a signal  from  known  frequencies  and  the  decomposition 
of  a known  time  signal  into  Its  frequency  components.  This  technique 
assinies  that  the  signal  frequencies  are  additive  and  therefore  the 
principle  of  the  superposition  of  waveforms  may  be  applied. 


COUATION 


Figure  9,  Systems  as  wave  filters,  (a)  Simple  storage  which  can  be 
easily  transferred  to  the  frequency  domain  and  (b)  a more 
conplex  energy  circuit  model  which  Is  nonlinear  but  can  be 
expressed  in  the  frequency  domain  through  simulation. 
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The  mfnimodels  and  evaluated  ecosyeten  models  investigated  in 
this  study  are  datenrinistie  phenomenological  formulations  of  system 
structures.  Therefore,  the  classical  methods  of  harmonic  analysis  are 
appropriate  for  the  study  of  these  cases.  Energy,  material  on  Informa- 
tion moving  along  a pathway  into,  out  of.  or  within  a system  Is  defined 
to  he  a signal.  Signals  ane  viewed  as  composed  of  a mean  value  which 
may  have  a trend,  a periodic  coogionent  and  a noise  component.  If  a 
signal  increases  or  decreases  monotonically  over  the  period  of  observa- 
tion it  Is  said  to  have  a trend.  A periodic  signal  is  one  that  repeats 
a pattern  with  a given  frequency,  for  example  f(t)  = sin  (2nft)  where 
t is  time  and  f Is  frequency,  repeats  a sine  wave  with  the  frequency  f. 
Noise  is  defined  to  be  a random  fluctuation  In  a signal  that  would 
otherwise  be  constant  or  vary  In  a specified  manner  (Van  Nostrand's 
Scientific  Encyclopedia,  1976), 

Freouencv  Response  Analysis 

Frequency  response  analysis  is  used  to  determine  how  a system 
output  responds  to  changes  in  the  frequency  of  system  inputs.  Frequency 
response  analysis  observes  that  when  a sinusoidal  input  signal,  x(t), 
of  maximum  amplitude  a^  and  angular  frequency  u rad/sec  is  input  to  a 
system  the  output  y(t)  is  also  a sinusoidal  wave  of  maximum  amplitude 
aj  and  phase  B relative  to  the  input  (Milsum,  1966).  The  relationship 
between  f,  frequency,  m,  angular  frequency  and  T*  period  is 


W2t  = 1/T* 


(1) 
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Tlie  phase  angle  8 is  the  angle  by  which  instantanepps  values  of  the 
sinusoidal  waves  differ  and  Is  usually  taken  as  the  phase  of  the  output 
wave  relative  to  the  input.  Thus,  if  a point  of  the  output  wave  is 
behind  the  same  point  on  the  input  wave  It  Is  said  to  tag  the  Input 
wave,  whereas  an  output  point  that  precedes  its  equivalent  input  point 
leads  the  input  wave.  The  amplitude  of  a sinusoidal  wave  is  defined  by 
the  maximum  displacement  from  a mean  value.  Systems  to  which  frequency 
analysis  is  applied  are  said  to  have  reached  a steady  state  when  the 
amplitude  ratio  and  relative  phase  shift  remain  constant,  The  ampli- 
tude ratio  is  defined  as  the  ratio  of  the  output  amolitude  to  the  input 
amplitude, 

8ode  plots  use  logarithmic  measures  of  the  amplitude  ratio  and 
frequency  and  linear  phase  measurement  to  characterize  the  frequency 
response  of  linear  systems  (see  Figure  5).  These  plots  are  often  used 
in  control  engineering  and  they  provide  a linear  simplification  of  sys- 
tem behavior  similar  to  plotting  exponential  cunves  on  seni-logarithmic 
paper  (Hilsum,  1966). 

Frequency  analysis  on  the  minimodels  in  this  study  was  per- 
formed by  choosing  a mean  value  for  the  input  signal,  an  amplitude  for 
its  periodic  component,  and  then  allowing  the  frequency  of  the  signal 
to  vary.  The  power  was  then  monitored  for  each  component  and  for  the 
system  as  a whole.  The  ratio  of  variant  power  used  by  storages  (power 
out)  to  variant  power  input  in  the  source  is  employed  as  the  basis  for 
evaluating  filter  properties  of  nonlinear  systems.  This  ratio  is  the 
equivalent  of  the  amplitude  ratio  used  for  linear  systems.  These  plots 


have  the  l09]p  of  the  freouency  on  the  abscfssa  and  a quantity  which  is 
also  the  log^j  of  the  amplitude  ratio  on  the  ordinant.  wnen  more  than 
one  input  is  driving  the  system,  the  frequency  analysis  is  performed  by 
establishing  a base  simulation  run  and  then  varying  the  frequency  of 
each  input  signal  in  turn  wnile  the  others  are  held  constant. 

High  Frequency  Cutoff  and  Resonance 

Frequency  response  analysis  is  used  in  simulation  models  to 
investigate  the  frequency  domain  behavior  of  some  nonlinear  systems.  A 
basic  first  order  system  can  be  used  to  illustrate  the  method  and  seme 
important  filter  properties  of  linear  systems  that  also  might  be 
eepected  to  be  important  in  nonlinear  systems.  Figure  5 shows  a Bode 
frequency  response  plot  for  a basic  first  order  system  or  storage  (after 
Hilsum,  1966).  The  graphs  define  a low  frequency  asymptote  when  lu  is 
small,  u>  ' « 1 and  a high  frequency  asymptote  when  u is  large,  urr  » 1. 
The  low  frequency  and  high  frequency  asymptotes  intersect  at  the  break 
frequency  ui[j  ■ 1/t,  cut  = 1 where  t is  the  time  constant  of  the  storage. 
The  break  frequency  is  a high  frequency  cutoff  and  the  amplitude  ratio 
of  signals  with  frequencies  greater  than  rapidly  decreases  beyond 
this  point.  The  phase  relationship  of  the  first  order  system  increases 
from  0 at  aero  frequency  to  90°  when  u approaches  infinity  and  is  found 
to  be  as"  at  the  break  frequency.  When  more  than  one  energy  storage 
element  exists  the  system  may  have  natural  frequencies  of  oscillation. 
Figure  6 shows  Bode  plots  for  underdamped  and  ovendamped  linear  second 
order  systems  (after  Hilsum,  1966).  The  plot  for  an  underdamped  system 
shows  resonance  when  input  frequency  equals  the  natural  frequency-  The 
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Mgh  frefluency  cutoff  2nd  resonance  frequency  concepts  are  applied  In 
the  frequency  response  analysis  of  some  nonlinear  ecosystem  filters 
through  the  simulation  of  models  and  the  subsequent  construction  of 
frequency  response  graphs. 

Concepts  and  Definitions 
Used  1n  the  Simulation  Models 

The  following  materia]  defines  measures  and  terms  that  are 
used  In  the  simulation  and  evaluation  of  mlnlmodels  and  ecosysten  models 
in  this  study-  These  particular  definitions  were  used  to  characterize 
simulation  models  1n  the  energy  circuit  language  and  for  applying 
concepts  and  techniques  of  coflimjnlcatlons  engineering  for  ecosystem 
analysis. 

Turnover  and  tne  Time  Constant 

The  turnover.  T,  and  the  time  constant,  x,  of  a system  com- 
ponent are  the  reciprocals  of  one  another.  The  time  constant  Is 
coranonly  eapressed  as  the  ratio  of  storage  to  flow,  whereas  the  turn- 
over Is  the  ratio  of  flow  to  storage-  The  time  constant  and  the  amount 
of  time  that  it  Cakes  a system  component  to  turnover  or  completely 
replace  a stored  quantity  are  the  same.  However,  the  turnover  gives  the 
number  of  times  a component  replaces  itself  In  a given  time  unit.  In 
this  study  turnover,  abbreviated  T,  will  be  used  to  describe  the  turn- 
overs per  unit  time,  whereas  the  time  constant,  x.  Is  the  time  for  a 
component  to  replace  Its  storage.  Frequency-turnover  matching  occurs 
when  the  turnover  is  almost  equal  to  the  input  signal  frequency.  When 
said  to  be  high  the  input  frequency  which  matches  it  1s  also 


turnover  i- 
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described  es  high.  However,  the  low  tine  constants  natch  high  incut 
frequencies.  The  terns  fast  and  slow  are  consistent  in  matching  fre- 
quencies for  both  turnover  and  the  tine  constant. 

Wean.  Variance,  and  Hean  Square  Calculations 

The  mean  value  of  all  signals  evaluated  in  the  nininodela  is 
calculated  by  formula  (2)  for  digital  data  from  a time  series  (Otnes 
and  Enochson,  1978), 


* ■ *(<)  (2) 

The  formula  for  calculating  variance  is  given  by  (3). 

V *(i)^  - (5T)^  (3) 

" i=0 

Since  the  number  of  values  averaged  is  always  greater  than  1,000,  the 
error  introduced  by  using  H instead  of  N-l  in  the  formula  for  variance 
is  always  less  than  0.001  of  the  actual  value, 

Eguation  {3}  is  the  mean  souare  value  of  a sampled  signal. 

m « (X)2  + (4) 

Where  flows  were  in  uniu  that  are  proportional  to  the  square  root  of 
energy,  the  three  terms  in  Equation  (4)  are  in  energy  units.  Where 
values  used  to  calibrate  the  simulated  minimodels  already  were  propor- 
tional to  energy,  the  mean  square  calculation  had  units  of  (energy/ 
time)^  for  ail  flows  and  (energy)^  for  storages.  The  values  given  for 


square  power  of  flows  in  the  minimodels 


then  obtained  by 


ing  the  square  root  of  m giving  units  of  {energy/tine). 

As  indicated  in  Equation  (4),  the  mean  square  power  of  a flow 
is  the  sum  of  the  power  in  the  mean  (mean  power}  and  that  in  varying 
components  of  the  signal  (variant  power).  Thus,  the  amount  of  power 
available  to  a system  will  always  be  the  same  for  a given  mean  and 
amplitude  of  variation. 

Oefinitions  of  Power  Use  Functions 

In  traditional  study  of  system  behavior  in  filtering  input 
signals,  some  output  leaving  the  system  is  defined  that  is  compared  with 

through  the  system. 

In  the  present  study,  however,  the  emphasis  is  with  what  part 
of  the  input  is  used  by  the  ecosystem.  Instead  of  output  going  to 
another  system,  the  flow  of  energy  used  and  released  from  the  system 
in  degraded  fora  is  taken  as  the  output  in  many  of  the  analyses.  In 
most  cases  and  in  results  tables,  the  energy  flow  Z in  Figure  10  is 
taken  as  the  "output"  function  (power  out)  for  comparison  with  input. 

This  flow  is  that  which  has  passed  through  productive  transformations, 
interactions  and  storage, 

The  functions  used  to  evaluate  energy  flow  in  both  competition 
and  trophic  chain  tirinlmodels  are  defined  diagraimatically  in  Figure  10. 
The  energy  produced  (Y)  is  the  energy  transformed  at  M and  is  propor- 
tional to  the  energy  captured  (W).  The  energy  draining  from  storage 
(Z)  is  proportional  to  the  storage  (0,)  and  the  energy  used  by  the  system 


Figure  10.  Diegraimiatic  definition  of  tne  power  use  function  calcuUted 
In  simulations.  Symbols  are  defined  as  follows:  energy 
captured  (W),  energy  used  by  ttie  system  (X),  energy  produced 
(Y],  energy  depreciated  by  storage  (Z),  total  energy  cap- 
tured (ZW),  sum  of  energy  used  by  the  system  (ZX),  sun  of 
energy  produced  (£Y),  and  sum  of  depreciation  (ZZ). 

(a)  Single  autocatalytlc  consumer;  (b)  competition  of  tnree 
consuners  for  tne  same  Inflow  E;  (c)  cnain  of  three  consumers 
in  series.  Equations  for  the  flows  that  carry  energy  are: 

Rate  of  change  of  storage:  Oj  = 

and  available  remainder  of  usable  energy 


Power  used  by  the  system:  X ■ kjRQ.[ 


(X)  is  contposed  of  energy  used  1r 


energy  csptured,  the  energy  produced,  and  the  energy  depreciating  from 
storage  are  ernployed  as  the  output  functions  evaluating  a mininodel's 
filter  performance  when  compared  to  variable  energy  input  In  the 

An  example  of  the  distinction  between  these  terms  may  be 
constructed  by  thinking  of  Figure  ID  in  the  following  manner;  E is 
the  energy  of  sunlight  incident  upon  the  biomass  of  plant  matter  Oj  in 
a meter  square  surface,  R is  that  portion  of  the  incident  light  that 
remains  unused,  W is  the  energy  of  sunlight  absorbed  by  the  plant 
matter,  Y represents  the  energy  of  sunlight  fixed  in  chemical  bonds 
for  use  by  the  plant,  I is  the  energy  used  in  depreciation  of  the  plant 
matter,  X includes  not  only  the  energy  of  depreciation  but  also  the 
additional  energy  used  in  the  process  of  transforming  energy  through  the 
interaction  at  N.  In  this  simple  system  at  steady  state,  production  V 
goes  into  storage  0,  to  replace  depreciation  loss  Z. 

Outputs  in  linear  analysis  are  the  flows  emerging  from  a sys- 
tem "black  box"  beyond  the  Interactions  and  storages.  Output  functions 
of  interest  in  this  study  were  not  only  leaving  the  "black  box"  of 
system  boundaries,  e.g.,  X,  but  also  within  a "white  box"  which  reveals 
internal  system  structure,  e.g..  W,  Y.  and  Z.  The  flow  of  used  energy 
passing  through  and  out  of  the  system  (Z  in  Figure  10)  is  made  up  of  a 
mean  pewer  fraction  and  variant  power  fradtion  of  the  flow  converging 


sink  pathway  (Figure  8). 


Unft  Siirvtvtl  Time  and  Stability 

Another  crUerion  employed  ip  the  evaluetion  of  these  itirinodels 
1s  the  time  »hich  a unit  is  eble  to  remain  a part  of  its  system.  The 
unit  survival  time  is  the  time  from  the  start  to  the  time  at  which  the 
unit  has  a zero  value  in  the  simulation.  Autocata lytic  units  that 
reach  zero  cannot  grow  again  without  another  initial  seeding. 

Stability  of  models  examined  in  this  study  was  determined  by 
the  conditions  that  no  state  variable  increased  without  bound  and  that 
all  conponents  of  the  system  did  not  go  to  zero  within  the  time  period 
simulated.  If  either  of  the  two  conditions  were  true,  data  for  the 
simulation  run  was  recorded  as  a dash  ( — ) in  the  tabular  form  of  the 


Resohanee,  Turnover,  and  Frequency  Hatchlno 

Resonance  phenomena  are  described  in  this  study  by  the  terms 
external  freguency  matching  and  external-natural  frequency  matching. 
External  frequency  matching  refers  to  the  resonant  interaction  of  two 
periodic  input  signals  through  modulation  in  an  interaction  (a  work 
gate)  {see  Figure  8).  External-natural  frequency  matching  refers  to  the 
resonance  possible  when  an  input  frequency  is  equal  to  a natural 
oscillation  of  the  system  brought  about  by  the  interaction  of  component 
turnover  characteristics. 

When  the  frequency  of  an  input  signal  is  equal  to  or  less  than 
the  turnover  of  a system  compcnent,  frequency-turnover  matching  occurs. 
Frequency-turnover  matching  should  be  a property  of  all  systems  with 
low  pass  components. 


Superposition  and  Kodulation 


Superposition  refers  to  the  property  that  allows  an  output 
signal  to  be  represented  as  a weighted  sun  of  the  Input  signals.  This 
property  Is  the  basis  for  the  sinpllcity  and  effectiveness  of  the 
transfer  function  method  for  analysis  of  linear  systems  (Lee,  1960), 

Modulation  refers  to  the  interaction  or  multlpl ication  of  two 
periodic  signals  so  that  a characteristic  such  as  amplitude,  frequency, 
or  phase  Is  varied  according  to  the  sane  or  another  characteristic  of 
a second  wave  (Van  Nostrand's  Scientific  Encyclopedia,  1976),  Amplitude 
modulation  Is  the  only  type  considered  to  be  Important  for  the  models 
Investigated  In  this  study.  When  two  signals  interact  the  modulation  of 
their  amplitudes  produces  two  additional  frequency  ccmiponents.  one  for 
the  sun  and  one  for  the  difference  of  the  original  two  frequencies. 

Iteration  Interval  and  Nested  Models 

For  most  simulation  models  In  this  study  the  Iteration  interval, 
dt.  was  taken  to  be  0.01  or  ten  tines  smaller  than  the  smallest  component 
time  constant  investigated.  An  alternate  nested  configuration  employed 
the  same  ratio  dt/T  for  each  of  the  model  components.  Thus,  the  solu- 
tion of  each  model  ccrniponent  could  be  represented  to  the  same  degree 
of  accuracy  (Forrester.  1961),  This  model  structure  represents  the  case 
which  night  be  expected  If  the  phenomena  under  study  were  discrete. 

This  configuration  was  constructed  by  nesting  small  dt,  fast  time 
constant  component  00  loops  within  DO  loops  of  larger  iteration  Interval 
for  the  slower  time  constant  conponents.  The  same  ratio  of  dt  to  t was 
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nainUined  for  each  component.  This  method  holds  the  slow  time  constant 
comocments  constant  while  solving  the  eouatlohs  containing  faster  tine 
constants. 

Analysis  of  Wave  Filters 

Each  of  the  models  examined  through  simulation  in  the  Results 
is  a linear  or  nonlinear  wave  filter.  The  frequency  behavior  of  most  of 
these  models  was  monitored  over  all  or  part  of  the  range  of  frequency 
defined  by  two  critical  points.  The  first  point  is  the  filter's  high 
frequency  cutoff  vdiich  is  approximated  by  the  component  turnover  that 
is  receiving  a varying  energy  flow  from  outside  the  system  boundaries. 

If  more  than  one  component  receives  energy  from  outside  the  system, the 
frequency  filtering  characteristics  of  the  system  will  depend  on  the 
combination  of  component  turnovers.  The  second  point  of  interest  is 
that  frequency  which  is  long  enough  to  cause  the  elimination  of  a system 
or  component.  This  frequency  represents  the  lower  limit  of  a band  pass 
filter.  Uhen  only  the  high  frequency  cutoff  is  important, the  system 
behaves  like  a low  pass  filter,  but  when  both  a high  frequency  cutoff 
and  a low  frequency  cutoff  determined  by  catastrophe  are  relevant  the 
system  acts  like  a band  pass  filter  (see  Figure  4). 

The  characteristics  of  the  minimodal  wave  filters  were  examined 
with  nespect  to  the  configuration  of  system  ccmponents,  the  component 
turnover  arrangement  and  the  manner  in  which  these  components  interact. 
Thus,  a system  configuration  of  three  components  nay  go  through  one  set 
of  wave  filter  evaluations  based  on  changing  the  component  turnovers,  and 
another  set  of  evaluations  based  upon  changes  in  the  interaction  of  the 


components  Htthin  the 


possible  configura- 


tions of  three  system  components  representing  competition,  a trophic 
chain  building  a hierarchy  and  a simple  web  with  competition,  coopera- 
tio^and  hierarchy.  Each  of  these  three  configurations  represents  the 
simplest  arrangement  of  a type  of  system  filter.  Variations  in  com- 
ponent interaction  lead  to  different  filter  properties  for  the  models. 
Variations  of  the  three  turnover  arrangements  alter  the  high  frequency 
cutoff,  the  Iw  frequency  cutoff  and  the  possible  resonance  frequencies 


Simulation  Methods 

Simulation  of  the  time  dependent  behavior  of  models  is  the 
major  method  employed  in  this  study  for  the  investigation  of  properties 
of  theoretical  minimodels  and  salt  marsh  ecosystems.  Digital  analog 
and  hybrid  methods  were  used  in  these  simulations  which  were  performed 
on  a DEC  PDP-11  digital  computer  operating  with  an  EA!  2000  hybrid- 
analog  computer.  Energy  circuit  diagrams  were  translated  into  a set 
of  difference  or  differential  equations  for  the  digital  or  analog 
ccmputer.  The  digital  programs  were  written  in  Fortran  and  analog  cir- 
cuit diagrams  were  drawn  and  patched  to  obtain  the  analog  programs. 

Technioues  Used  for  the  Coroetition  Hinimodels 

A three  unit  conpetition  model  was  simulated  with  linear  and 
autocatalytic  components  (production  is  proportional  to  a power  of  the 
component)  for  two  energy  levels.  At  each  energy  level  the  input  fre- 
quency was  varied  and  the  response  of  power  production  and  use  was  noted 


Figure  11.  Three  possible  arrangements  of  three  autocatalytic  units 
for  a source-controlled  flow,  (a)  Conpetition;  (b)  a 
hierarchical  trophic  chain  with  units  in  series;  (c)  a 
simple  web  hierarchy  with  parallel  and  series  arrangement. 
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for  each  component  and  for  the  system  as  a whole.  The  power  production 
and  use  was  analyzed  1n  tenns  of  its  two  components,  the  mean  and  the 
variant  paver.  These  simulations  were  performed  using  the  same  run  time 
of  1,000  tine  units  and  using  a signal  of  the  same  mean  and  amplitude, 
leaving  frequency  as  the  only  variable. 

The  effect  of  amplitude  variation  on  the  competition  models 
was  tested  by  allowing  the  signal  amplitude  to  vary  while  holding  the 
total  mean  square  energy  in  the  input  signal  constant.  Thus,  if  signal 
amplitude  was  increased  the  energy  captured  from  the  mean  was  decreased 
in  order  to  compensate  for  the  additional  energy  added  by  the  increase 
in  amplitude. 

The  turnover  of  each  competing  unit  was  set  by  altering  the 
storage  of  the  unit;  thus  all  flows  were  initially  equal  for  each  unit. 
Flows  were  allowed  to  vary  in  order  to  test  the  effect  of  perturbations 
on  the  competition  model. 

The  competition  model  was  used  to  evaluate  a single  tank  by 
disconnecting  the  two  units  which  were  not  of  interest  in  the  s^^mJ^atio^ 
while  leaving  all  flows  and  storages  unaltered.  The  run  time  of  the 
autocatalytic  competition  model  was  extended  in  order  to  observe  the 
long  run  outcome  of  competition  between  units  of  different  turnover  when 
all  other  things  were  equal. 

The  differences  between  superposition  and  modulation  in  a 
system  of  three  competing  units  were  investigated  for  various  conbina- 
tions  of  two  interacting  frequencies.  The  amplitude  of  the  two  signals 
was  adjusted  so  that  the  model  received  the  same  total  power  that  was 
given  to  the  competition  models  above. 
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TeclinlQuts  Used  for  the  Trophic  Chain  Hinimodels 

A three  unit  trophic  chain  model  was  simulated  for  linear  and 
autocatalytic  components  at  two  different  energy  levels.  Frequency 
and  amplitude  responses  of  the  models  were  tested  as  described  for  the 
competition  model.  In  addition,  four  separate  turnover  arrangements  of 
each  model  were  tested  for  their  response  to  input  frequency  variation. 
The  turnover  arrangements  were  altered  by  changing  the  unit  storages 
while  all  flows  were  left  unchanged.  The  turnover  arrangements  tested 
were  Case  A,  turnover  of  Q,  ■ 10,  = 1.  and  O3  ■ 0.1;  Case  8,  turnover 

of  0]  = 1.  • 1,  and  Qj  = 1;  Case  C,  turnover  of  Qj  • 0.1,  Oj  • 1 , 

and  Qj  ■ 10;  Case  0,  turnover  of  0,  • 0.1,  0^  ' 10,  and  O3  = 1. 

The  autocatalytic  trophic  chain  model  was  simulated  in  eight 
different  configurations  representing  all  combinations  of  secondary 
positive  feedback  possible  for  a three  unit  chain  structure.  In  addi- 
tion, three  of  these  configurations  were  chosen  for  further  analysis. 

The  units  chosen  for  indepth  analysis  contained  a primary  feedback 
required  by  autocatalysis  and  either  contained  tero,  three,  or  two 
additional  (secondary)  positive  feedbacks.  Model  flows  were  calculated 
on  the  assumption  that  there  would  be  a lOt  transfer  of  energy  to  the 
next  higher  level  In  the  chain  and  that  a feedback  must  at  least  simu- 
late as  much  productioh  as  it  costsahigher  unit  in  order  to  be  selected. 

The  power  available  to  the  zero  and  three  feedback  models  was 
briginally  set  at  the  same  level.  But  chain  models  with  feedback 
required  more  energy  to  remain  stable  than  did  the  zero  feedback  model. 
Therefore,  all  eight  configurations  fo  the  chain  model  were  simulated 


with  an  excess  power  available  which  was  equal 


to  the  power  in  the 
Input  signal  variance.  The  frequency  response  of  the  trophic  chain 
models  was  tested  as  described  for  the  competition  model.  These  models 
were  simulated  over  a broad  six  decade  frequency  range  for  Case  A turn- 
overs and  a narrower  three  decade  frequency  range  for  Cases  B,  C,  and  0. 

Several  models  were  simulated  in  another  version  that  allowed 
large  (SOS)  second  law  losses  of  energy  at  each  interaction.  The 
Initial  simulations  did  not  consider  the  signal  as  energy  and  therefore 
no  lasses  were  subtracted  across  the  interactions.  These  models  were 
also  simulated  for  the  four  time  constant  arrangements  subsequently 
mentioned. 

The  trophic  chain  models  with  zero  and  three  secondary  positive 
feedbacxs  were  simulated  In  order  to  examine  the  effect  of  the  position 
of  a second  variable  energy  source  entering  the  chain  at  level  5,,  Qj- 
or  Qj  on  power  production  and  use.  The  interaction  of  this  second 
variable  energy  source  was  considered  for  the  case  when  the  first 
energy  source  at  the  base  of  the  chain  was  constant  and  for  the  case 
when  it  was  allowed  to  vary. 

The  absolute  value  of  the  signal  mean  entering  at  each  level 
and  the  amplitude  of  variation  were  adjusted  so  that  the  same  amount  of 
embodied  energy  would  be  present  at  each  level.  In  addition,  the  first 
energy  source  was  adjusted  so  that  the  total  power  entering  the  system 
was  the  same  for  all  input  configurations.  The  assui^itlon  that  10X 
of  the  energy  at  a given  level  is  transferred  to  the  next  level  causes 
the  mean  and  amplitude  of  the  input  signal  to  fall  by  a factor  of  10 


between  levels. 


varldble  energy 


5S 


The  zero  secondary  feedback  model  with  two 
sources  and  the  second  source  input  at  Qj  was  siimiTated  sixteen  times 
instead  of  six  tines  in  order  to  see  what  could  he  gained  by  increased 
resolution  on  the  Bode-like  plot  of  nonlinear  freouency  response.  A 
nested  version  of  the  trophic  chain  model  was  simulated  by  the  methods 
previously  described.  Both  the  linear  and  zero  feedback  trophic  chains 
were  simulated  with  excess  energy  equal  to  the  power  in  the  signal 
variation  in  order  to  compare  with  levels  of  power  production  and  use 
by  the  models  with  secondary  positive  feedbacks. 

Technioues  Used  in  the  Web  Hinimodels 

The  frequency  response  of  four  configurations  of  a three-unit 
web  was  tested.  The  general  model  has  two  competitive  units  in  parallel 
and  one  hierarchical  unit  in  series.  The  first  configuration  had  com- 
petition between  parallel  units  only;  the  second  configuration  had  both 
competition  and  cooperation;  the  third  configuration  had  cwnpetition 
and  feedback  from  the  next  higher  level;  and  the  fourth  configuration 
had  contietition  and  cooperation  between  parallel  units  and  feedback  from 
the  next  higher  level.  Cooperative  flows  were  added  into  the  power 
produced  by  the  stimulated  unit.  However,  hierarchical  feedbacks  were 
not  added  to  the  production  of  the  parallel  units.  The  webs  were  first 
simulated  with  equal  turnovers  on  the  parallel  units  and  an  order  of 
magnitude  slower  turnover  on  the  hierarchical  unit.  Next  the  competition 
and  cooperation  configurations  were  simulated  for  the  case  when  parallel 
units  had  different  turnover  and  the  hierarchical  unit  had  a turnover 
an  order  of  magnitude  slower  than  tne  largest  parallel  unit. 


RESULTS 


The  results  ere  oresented  as  twa  irajar  blocks  of  information. 
The  first  block  considers  the  frequency  filter  oropertles  of  three 
commonly  occurring  ecosystem  processes.  Hypothetical  models  are  used 
to  esanrine  competition,  trophic  chain  energy  transfers  and  web  coopera- 
tion and  competition;  a second  block  examines  three  evaluated  models  of 
a salt  marsh  ecosystem  at  the  Kaituna  River  mouth,  Havelock,  New  Zea- 
land. These  models  illustrate  salt  marsh  competition,  trophic  chain 
organization  and  overall  marsh  function. 

Filter  Properties  of  Competition  Models 
Linear  and  autocatalytic  competition  between  three  units  of 
different  turnover  was  similated  in  162  runs.  Subtopics  examined  for 
the  competition  model  include  the  Iteration  interval  as  a system  filter, 
component  turnover  spacing,  superposition  versus  modulation,  a nested 
hierarchical  model  structure  and  the  relationship  of  the  high  frequency 
cutoff  to  maximum  power  generation, 

frequency  Filterino  Properties  of  Linear  Competition 

The  wave  filter  properties  of  a configuration  of  three  linear 
components  in  competition  for  a single  flow  limited  energy  were 
examined  (see  figure  12).  The  three  units  were  identical  in  all 
respects  except  their  turnover.  The  units  were  unable  to  exclude  one 
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Figure  12. 


A simulation  model  of  linear  competition  fietween  units 
(Oil  Oo.  33)  of  different  turnover.  The  energy  flows  shown 
on  pathways  are  for  the  initial  steady  state  condition  of 
the  model,  (a)  Low  energy  input;  (h)  high  energy 


Abbreviations: 


Inflow  energy 

Energy  flow  remaining  unused 
Storage 


another,  and  all  three  units  survived  at  the  same  level  of  storage  and 
flow  {see  Figure  13).  The  energy  captured  by  linear  units  was  source 
controlled;  therefore.  It  was  always  the  same  for  a giveh  energy  input 
since  It  depended  only  on  the  R term  In  Figure  12  {see  Table  3).  Table 
3 shows  that  for  linear  units  the  one  with  faster  turnover  Is  able  to 
dissipate  the  most  power  over  the  three  decade  range  of  frequency  and 
the  two  energy  levels  eaamined.  As  the  input  frequency  becomes  lower 
all  units  are  able  to  exploit  more  of  the  incoming  energy  In  variance  and 
therefore  they  are  able  to  dissipate  a greater  fraction  of  the  energy 
available  to  them.  This  causes  the  total  HSO  power  used  to  increase 
as  the  Input  frequency  becomes  lower. 

Figure  13  shows  the  manner  In  which  the  turnover  of  a linear 
system  component  sets  the  high  frequency  cutoff  for  variant  power 
passed  through  the  component;  Q,|  has  a turnover  of  10  and  Is  able  to 
exploit  most  of  the  power  from  frequencies  1,  10,  and  50  cycles  per  unit 
time,  whereas  component  Oj  with  a turnover  of  0.1  falls  to  absorb  most 
of  the  power  at  10  and  50  cycles  per  unit  time. 

The  effect  of  a change  In  the  energy  available  In  variance  upon 
the  power  used  by  storage  was  small  compared  to  that  of  a similar 
change  In  the  available  mean  power  (see  Table  4).  Faster  turnover  units 
always  use  more  of  the  variance  captured  than  do  slow  turnover  units 
even  through  they  each  capture  the  same  amount.  More  variant  power  is 
captured  and  used  by  storages  as  the  amplitude  of  the  Input  signal 


Increases. 


Figure  13. 


Simulation  of  model  in  Figure  12  sliows  the  power  dissipated 
and  storages  maintained  by  three  competing  linear  components 
with  different  turnovers  9i,  T = 10;  Qp,  T ■ 1.0;  Q3,  T • 0.1 
exposed  to  superposed  energy  input  with  frequencies  of  1, 

10,  and  50  cycles/sec  and  amplitude  = 10.  (a)  Energy  remain- 

ing, P;  (b)  storage;  (c)  power  dissipated  by  storages. 
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Conparisofi  of  Steady  and  Varying 


In  general,  there  fs  more  power  available  to  a system  in  a 
steady  signal  than  in  a periodic  or  a noisy  signal  with  the  same  mean 
square  energy.  Power  in  the  mean  energy  available  to  the  system  is  more 
easily  exploited  by  components  than  the  power  in  variance  (Costanza, 
1978).  Table  4 demonstrates  this  result,  since  a constant  signal 
contributes  more  power  used  by  the  system  storage  than  one  of  equal 
power  with  varying  amplitude.  Also,  Table  4 shows  that  the  more  power 
avaialble  to  a linear  system  that  is  in  the  varying  amplitude  instead 
of  the  mean,  the  lower  will  be  the  power  used  by  the  system  components. 

Table  5 shows  that  there  is  approximately  an  order  of  magnitude 
difference  between  the  change  in  power  use  effected  by  a change  in  the 
signal  mean  and  that  brought  about  by  a similar  change  in  the  amplitude 
of  the  input  signal.  A decade  change  in  signal  frequency  elicits  a 
change  in  power  use  that  is  yet  an  order  of  magnitude  smaller  than  that 
brought  about  by  a change  of  20  units  of  amplitude. 

Analog  versus  Dioital  Simulation 

The  minimodel  shown  in  figure  14  depicts  autocatalytic  coiipe- 
tition  among  units  for  the  same  energy  source.  Initially  the  analog 
simulation  of  this  minimodel  seemed  to  give  different  results  from  its 
digital  simulation,  figure  15  shows  how  one  component  outcompetes  the 
other  two  when  all  are  equal  initially  in  the  analog  simulation.  Figure 
16  shows  a digital  simulation  with  the  same  values  in  which  all  three 
units  survive.  This  seeming  contradiction  may  be  resolved  if  the 
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Table  5.  The  affect  of  changes  in  signal  mean,  amplitude,  and  fre- 
quency on  the  power  used  by  three  competing  linear  storages. 
The  changes  are  calculated  from  data  in  Tables  3 and  4 for 
(A)  the  high  energy  input  case  and  (B)  the  low  energy 


Change  in 

Change  in  Change  in  Total 

Amplitude  Frequency  Power  Out 


(A)  +20  — — +20 

— -20  — +2,90 

alO  -0.47 

xO.l  +0.64 

(8)  *20  — — +20 

-20  — +0.99 

+20  — -1.64 

xlO  -0.16 

xO.l  +0,21 


Figure  14.  A siinilatiDii  model  of  eutocatalytic  competUion  between 
components  Oi.  Q?,  and  O3,  of  different  turnover,  T.  The 

dItlOT  of  the  model,  (a)  Low  energy  captured;  (b)  high 
energy  captured.  For  abbreviations  see  Figure  12. 
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ompeting  autocatalytic  units 
■ of  Oi.  02.  and  Os  = 1.0. 


Figure  IS. 


Figure  IS.  Output  from  a digital  model  of  three  competing  autocata- 
lytic  units  in  Figure  14,  Iteration  interval,  Ot  = 0.01. 
(a)  When  flows  are  set  equal  all  units  survive  at  a simi- 
lar level;  (b)  when  inflow  to  pi  is  increased  lOt  and 
inflow  to  p9  is  increased  5X  Q]  dominates;  (c)  when  the 
outflow  of  0i  is  increased  10*  and  the  outflow  of  0? 
increased  5*,  Qg  dominates.  All  units  have  equal  turnover. 
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digital  modBl's  flews  ara  slightly  perturbad  [sea  Figure  15(b)  and 
(c)].  Under  a small  perturbation  of  either  inflow  or  outflow  a unit 
may  ba  augmented  or  diminished  enough  to  bring  success  or  exclusion  in 
the  struggle  for  surulval.  Since  the  voltages  on  analog  pots  are  hardly 
aver  set  precisely  equal,  one  system  component  Invariably  Is  enough 
different  from  the  others  so  that  exclusion  takes  place. 

Filter  Properties  of  the 
Iteration  Interval  and  Allasiho 

The  mean  square  power  captured  or  used  and  the  survival  time 
of  components  in  a three  unit  autocatalytic  competition  model  Is 
affected  by  the  Iteration  interval  chosen.  Table  6 shows  how  the 

time  constants  much  smaller  than  dt  to  be  unstable.  This  concept  leads 
to  spurious  results  when  the  input  frequency  is  too  high  to  be  repre- 
sented by  dt.  This  is  due  in  part  to  aliasing  of  high  frequency  Input 
to  lower  frequencies.  Aliasing  Is  seen  by  examining  the  lines  in  Table 
6 for  Input  frequency,  10,  with  dt,  0.1.  input  frequency,  10,  with  dt. 

1,  and  input  frequency,  1,  with  dt,  1.0,  where  the  values  for  energy 
captured  and  used  approach  those  for  a constant  Input.  The  Instability 
of  conponents  with  time  constants  very  much  less  than  dt  occurs  where 
input  frequencies  are  faster  than  or  equal  to  the  Iteration  Interval. 
Figure  17  shows  that  when  dt  is  small  units  with  fast  time  constants 


suctessfully  compete  with  those  of  slower  time  const 
system  filter  becomes  coarser  (dt  increases)  slower 
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Figure  17.  Slmuletion  of  the  model  in  Figure  14  with  constant  energy 
Input  and  varying  iteration  Interval  that  acts  as  a system 
filter.  Graphs  show  survival  and  order  of  dominance  of 
units  1n  conpetition  when  the  units  have  different  time 
constants,  (a)  Iteration  interval  » 0.01— all  survive  at 
the  same  level;  (t>)  Iteration  Interval  » 1.0— T = 1 domi- 
nates, T ■ 10  excluded;  (c)  Iteration  Interval  = 5.0— T = 
0. 1 only  survives. 


components  beccnie  dominant  in  turn  as  sensitive  values  of 


crossed.  In  this  case  the  iteration  interval  acts  as  a high  frequency 
cutoff  determining  survival  of  system  conponents- 

When  a sensitive  range  of  dt  Is  approached  a small  perturba- 
tion of  the  flows  may  lead  to  a large  change  in  the  system  configura- 
tion. For  example.  Figure  18  and  Table  7 show  the  effect  of  perturba- 
tion upon  the  system  structure;  ttt  = D.6  is  a sensitive  point  for  the 
survival  of  Oj.  If  the  inflow  to  is  increased  lOt  at  this  dt,  the 
0^  conponent  flows  and  storage  bifurcate  into  a noisy  oscillation  which 
eventually  leads  to  the  demise  of  0^  with  a conseguent  increase  of  the 
other  two  components.  The  system  maintains  a higher  capture  and  use  of 
available  power  at  this  point  than  it  does  at  dt  = O.d  and  0.8  in  Table 
7.  The  model  solutions  were  not  noisy  for  a perturbation  of  U but 
they  show  bifurcated  solutions  at  dt  = 0.4,  0.6,  and  0.8.  Mhen  dt  - 
0.01  in  Table  7,  Q.|  dominates  the  other  components  for  step  increases 
of  IS  and  lot  of  the  Inflow  to  Qj. 

The  minimodels  used  to  Investigate  competition  and  trophic 
chains  are  simulated  over  a six  decade  range  of  frequency  for  a period 
of  time  that  is  at  least  as  long  as  the  largest  period  investigated. 

In  order  to  have  the  results  printed  out  on  a reasonable  length  of  paper 
and  in  a short  period  of  time  a large  plotting  interval  must  occasion- 
ally be  used.  The  plotting  interval  acts  as  a system  filter  on  the 
output  just  as  the  iteration  interval  does.  However,  in  the  case  of 
the  plotting  interval  it  Is  a matter  of  appearance  only.  The  large 
plotting  Interval  aliases  the  absorbed  high  frequency  inputs  to  lower 


78 


flow  (Inflow  of  O7  + lot  leads  to  bifurcation,  then  ni 

generation  and  the  eventual  transfer  of  dominance  from  0]  to 
Oj.  (a)  Dt  = O.a.  bifurcation  gives  two  solutions; 

(b)  Ot  • O.S,  chaotic  behavior  or  noise  generation;  (c)  Bt  » 
0.8,  Og  is  dominant  from  the  start. 
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outputs  of  nested 


and  competition  configurations  with  nigli  frequency  inouts.  This 
aliasing  does  not  affect  the  dominance  of  components  in  the  competition 
model,  since  several  plotting  Intervals  give  the  sane  result  with 
respect  to  component  survival  and  MSO  power  values. 

Comparison  of  Linear  and 
ftutocatalYtic  Competition 

The  high  frequency  cutoff  is  the  critical  factor  in  determin- 
ing how  successfully  a low  pass  system  component  exploits  incoming 
energy  frequencies.  This  relation  is  true  for  both  linear  and  auto- 
catalytic  units  as  can  be  seen  by  referring  to  Table  8.  For  a single 
storage  not  in  competition  with  others,  the  unit  with  the  fastestturn- 
over  uses  the  most  power  at  all  frequencies  tested.  In  additicn,  the 
autccatalytic  unit  with  the  fastest  turnover  is  able  to  capture  the 
most  power  available  to  the  units-  These  same  relationships  are  seen 
in  the  variant  power  produced  and  used  by  storages  of  both  types  of 
units.  In  Table  8 the  power  captured  by  autocatalytic  units  exceeds 
that  captured  by  linear  units  by  almost  20  energy  units.  This  indicates 
that  where  excess  energy  above  a threshold  is  available,  nonlinear  system 
components  are  able  to  draw  more  power  than  are  linear  ones. 

Table  3 gives  the  response  of  the  linear  competition  model 
shewn  in  Figure  12  to  constant,  periodic,  and  noisy  input  signals  at 
low.  medium,  and  high  values  of  energy  input  to  the  model.  Table  10 
supplies  the  same  Information  for  the  autccatalytic  competition  model 


in  Figure  14.  [n  gen 


competitic 
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models  are  able  to  produce  and  use  more  of  the  energy  available  if 
presented  with  a constant  signal.  Both  types  of  units  are  also  better 
able  to  exploit  periodic  input  signals  than  noisy  input  signals.  Table 
10  shOMS  that  autocatylic  units  at  high  energy  input  are  able  to  cap- 
ture and  use  more  energy  from  a variable  signal  than  they  could  from  a 
constant  signal.  Comparing  Table  3 to  Table  10  reveals  that  linear 
coiwetition  captures  and  uses  more  power  at  low  energy  levels  whereas 
autocatalytic  units  are  more  successful  at  higher  energy  inputs. 

Dofninance  Controlled  by  Frequency  and  Turnover 

When  three  units  of  different  turnover  are  in  either  linear  or 
autocatalytic  ccmpetiticn  for  a constant  input  signal  no  one  unit 
dominates  its  fellow  competitors.  If  noise  or  periodicity  is  added  to 
this  constant  energy  input,  an  order  of  dominance  is  produced  in  the 
components  of  both  models  (see  Tables  9 and  10].  When  three  competing 
linear  or  autocatalytic  units  have  the  same  turnover  no  single  unit  is 
able  to  doninate  the  others  even  though  they  are  presented  with  variable 
energy  inputs.  However,  when  each  unit  is  given  a different  turnover, 
an  order  of  dominance  is  established  (see  Table  11).  Autocatalytic 
dominance  occurs  faster  and  usually  results  in  the  exclusion  of  one  or 
more  components  within  a time  frame  of  1,000  units.  Linear  dominance 
consists  of  one  unit  using  slightly  more  power  than  another  and  never 
results  in  the  exclusion  of  a unit  over  the  range  of  flows  and  times 


Behavior  of  tne 


atalvtic  Competltlc 


If  the  system  components  of  the  autocataTytIc  competition  mode! 
shown  in  Figure  14  are  given  different  turnovers,  an  order  of  dominance 
in  time  is  established  when  the  system  is  supplied  with  a periodic  or 
noisy  input.  Slow  turnover  units  are  dominant  after  longer  times  when 
they  exclude  faster  turnover  units  that  may  be  dcminant  in  the  short 
run  [see  Figures  19(1)  and  (k)].  The  length  of  time  that  an  autocata- 
lytic  unit  may  survive  in  competition  is  increased  as  the  frequency  of 
the  input  signal  becomes  slower  or  faster  in  relation  to  its  turnover 
[observe  Q,  in  Figure  19(a),  (b).  (c),  and  (d)].  The  extent  of  time 
oyer  which  a unit  dominates  others  may  be  decreased  by  matching  the 
unit'stime  constant  withthe  incoming  energy  frequency.  A unit  reaches 
its  maximum  value  and  declines  more  quickly  when  the  input  signal  fre- 
quency is  closer  to  the  units  turnover  (observe  t),  in  Figure  19). 

Figure  20  shows  the  effect  of  variation  in  the  amplitude  of  a 
given  input  frequency  on  the  behavior  of  the  autocatalytic  competition 
model  in  Figure  14.  As  the  amplitude  of  the  input  signal  Increases  the 
matched  unit,  O2,  reaches  a maximum  value  more  quickly  as  shown  by 
Figure  20(a).  (b),  and  (c).  On  the  other  hand,  Q,  with  turnover  time  10 
does  best  for  low  input  amplitude.  A conparison  of  Figure  20(d)  with 
Figure  19(h)  demonstrates  that  loaches  a peak  earlier  and  declines 
allowing  the  largest  unit  to  dominate  more  quickly  when  input  amplitude 
is  greater  and  input  frequency  matches  Oj's  turnover.  A second  compari- 
son of  Figure  20(e)  with  Figure  19(i)  demonstrates  the  e 
increase  in  signal  amplitude  on  accelerating  the  dominen 
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Figure  20.  Simulation  of  model  In  Figure  Id  w1tH  varying  source  ampli- 
tude. (a)  Input  frequency  1,  amplitude  10,  run  time  = 1,000 
(b)  input  frequency  1,  amplitude  30.  run  tim  = 1,000; 

c input  frequency  1,  amplitude  50,  run  time  = 1,000; 

(d)  Input  frequency  1,  amplitude  50,  run  time  = 10,000; 

(e)  Input  frequency  0,1,  amplitude  50,  run  time  • 10,000. 
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Filter  Properties  of  Autocatalytic  CampetUion 

The  reeults  of  simulating  autocatalytlc  competition  over  a 
range  of  frequencies  at  two  energy  levels  are  given  in  Table  12.  The 
fast  turnover  unit  Is  excluded  by  slower  turnover  units  over  the  range 
of  frequencies  tested  when  a low  proportion  of  the  total  energy  avail- 
able is  utilized  by  the  system.  The  total  power  captured  and  used  by 
C)|  increased  with  longer  frequency  Inputs  In  both  low  and  high  energy 
cases,  The  survival  time  for  the  fast  turnover  unit  Is  longest  for  low 
frequency  high  energy  Input  and  shortest  for  low  frequency  low  energy 
input.  Total  energy  captured  and  used  may  Increase  for  two  reasons. 
Either  a unit  exists  as  a part  of  the  system  for  a longer  period  of 
time  or  it  exists  at  a higher  energy  level  for  the  same  or  a shorter 
time  period.  The  Increase  in  total  power  observed  occurs  for  a differ- 
ent reason  at  low  energy  Chan  at  high  energy.  At  low  frequency  and  low 
energy  input,  C|,|,  the  unit  with  fastest  turnover  pulses  and  thus  gives 
a higher  power  use  In  a shorter  time  period  than  it  does  for  high  fre- 
quencies. Whereas,  In  the  low  frequency,  high  energy  case  exists  for 
a longer  period  of  time  (see  Table  12)  than  It  does  for  nigh  frequency 
Input.  Some  additional  Information  about  these  results  Is  gained  from 
examining  the  variant  power  in  Table  12.  Fast  turnover  units  are  almost 
always  able  to  use  a greater  proportion  of  the  variance  they  capture  than 
are  slower  turnover  units.  When  the  input  frequency  Is  low  all  units 
capture  variance  equally  well.  The  interesting  thing  with  regard  to 
autocatalytlc  units  is  the  competition  reflected  by  the  amount  of  vari- 
ant power  each  competing  unit  is  able  to  produce  and  thereby  prevent 
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another  unit  from  capturing  for  use  in  its  production.  Low  time 
constant  units  are  able  to  capture  a portion  of  the  variance  available 
at  high  frequency  but  they  are  unable  to  use  what  they  capture.  As 
the  input  frequency  becomes  lower  the  high  turnover  unit  captures  more 
of  the  variant  power  and  it  is  able  to  use  what  it  captures. 

Table  13  shows  the  behavior  of  the  autocatalytic  competition 
iTOdel  given  in  Figure  14  when  the  input  energy  has  a frequency  of  1 
cycle  per  unit  time  and  amplitude  is  allowed  to  vary.  For  Table  13  the 
energy  remaining  is  adjusted  so  that  the  same  mean  square  power  is 
available  to  the  system  regardless  of  the  amplitude  of  the  input  sig- 
nal. At  low  energy  input  the  total  power  captured  and  used  is  greatest 
when  constant  energy  input  makes  up  the  greatest  proportion  of  the 
available  input  energy.  However,  in  the  case  of  high  energy  input  the 
most  energy  is  captured  and  used  for  amplitude  30  when  the  input  fre- 
quency is  1 cycle  per  unit  time.  Component  Oj  has  a turnover  of  one  per 
unit  time  which  matches  the  input  signal  frequency  and  this  unit  cap- 
tures the  most  available  energy  at  most  amplitudes  tested.  Ccmponent 

longer  when  input  amplitude  is  least.  Component  Qj  with  a tum- 

is  greater.  Examining  the  variant  power  portion  of  Table  13  reveals 
that  the  results  of  the  ccmpetition  for  variance  are  almost  the  same  at 
low  and  high  energy  input.  In  both  cases  units  with  fast  turnover  are 
more  successful  in  the  capture  of  variance  at  signal  amplitude,  30. 


variant 
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Table  14  gives  tne  same  results  for  amplitude  variation  at 
the  given  Input  frequency  wnen  the  total  energy  remaining  is  kept 
constant,  thereby  creating  additional  mean  square  energy  when  ampli- 
tude is  increased  and  decreasing  the  mean  square  energy  when  amplitude 
decreases.  Power  produced  is  greatest  when  input  amplitude  is  largest 
but  the  power  used  Is  greatest  at  input  amplitude  30.  Unit  Q.|  pulsed 
more  quickly  as  input  amplitude  was  increased;  it  produced  and  used 
more  variant  power  but  less  mean  power.  This  tradeoff  produced  a maii- 
mum  power  use  at  output  aa^litude  30. 

Table  15  shows  the  magnitude  of  the  effects  of  changes  in  Input 
mean  amplitude  and  frequency  upon  the  autocatalytic  ccmpetition  model 
for  both  nigh  and  low  energy  levels.  The  changes  in  power  use  brought 
about  by  changes  in  amplitude  and  frequency  can  be  greater  in  the 
autocatalytic  model  than  in  the  linear  model.  Some  changes  1n  ampli- 
tude and  frequency  show  that  the  mean  Is  an  order  of  magnitude  greater 
effect  than  amplitude  which  In  turn  Is  an  order  of  magnitude  greater 
than  frequency.  Other  changes  show  that  an  amplitude  change  can  account 
for  almost  SOX  of  the  variation  produced  by  a similar  change  of  the 
mean.  Also  a decade  frequency  change  may  be  greater  than  some  ampli- 
tude changes  of  20  units  and  as  much  as  16X  of  a 20  unit  change  in  the 


Cgnponent  Turnover  Spacing 

When  the  turnovers  of  all  system  components  in  Figure  14  are 
close  together  (q,  = 2,  0^  = 1,  0.5)  as  shown  in  Table  16(A).  the 

total  power  produced  and  used  by  the  system  1s  greatest  when  the  Input 
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Table  15.  The  effect  of  changes  in  signal  mean,  amplitude,  and  fre- 
quency on  the  power  produced  and  used  by  three  competing 
autocatylltic  storages:  (A)  high  energy  Input  = 90; 

(B)  low  energy  Input  ■ 30 


Change  In  Change  In  Change  In  Change  1n  Change  In 

Mean  Amplitude  Frequency  Power  Produced  Power  Out 


(A)  high  Energy 


+20  — -6.00  -9.19 

-20  — -2.89  -1.14 


(B)  Low  Energy 
*20 

+20 


-1.34  -0.44 


♦20  ±20 
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frequency  matches  the  turnover  of  0,.  This  effect  is  due  to  the  dis- 
advantage 0^  suffers  in  competition  as  indicated  by  the  lower  values  of 
power  captured  and  used  by  Qj  at  input  frequency  1 cycle  per  unit  time. 
Table  16(B)  demonstrates  how  an  increase  in  the  space  between  component 
turnovers  decreases  the  survival  time  and  the  power  produced  and  used 
by  the  high  turnover  component.  Also  the  power  used  by  the  system  as 
a whole  increases.  Table  16(C)  shows  how  the  intensity  of  competition 
is  increased  between  units  whose  turnovers  are  clustered  and  matched 
with  a high  frequency  input.  In  addition  such  a system  is  capable  of 
capturing  and  using  more  power  than  a similar  cluster  of  turnovers 
matched  with  lower  frequency  inputs. 

The  ^^Atem  High  Frequency 

Table  17  demonstrates  that  the  high  frequency  cutoff  of  a sys- 
tem of  three  units  in  competition  is  a factor  in  determining  the  total 
power  produced  and  used  by  the  system.  Given  that  there  is  energy 
available  for  exploitation  at  high  frequency,  the  system  that  produces 
the  most  power  has  a high  turnover  receiving  unit  that  is  able  to 
Interact  with  the  highest  input  frequency  available.  This  result  is 
seen  to  hold  for  linear  and  autocata lytic  systems  both  with  input  fre- 
quencies superposed  and  input  frequencies  nodulated. 

Superposition  and  Modulation 

The  model  in  Figure  21  was  used  to  examine  the  effect  of  the 
modulation  of  input  signal  frequencies  on  the  power  produced  and  used  by 
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the  autocatalytU  competition  model.  The  Input  signal  mean  and  ampll- 
tudeweredlvided  so  that  the  total  mean  square  power  available  to  the 
model  Is  the  same  as  that  available  for  the  single  energy  source  model 

The  linear  superposition  of  Input  signals  shown  In  Table  18 
shows  results  similar  to  those  established  earlier  for  linear  systems. 
The  fast  turnover  unit  is  able  to  use  more  power  1n  competition  and  the 
total  power  used  by  the  system  Increases  as  the  Input  frequency  becomes 
longer.  The  results  of  superposing  Input  signals  of  equal  amplitude 
but  different  frequency  upon  autocatalytic  competition  are  shown  1n 
Table  16(B).  The  total  power  used  increased  as  the  input  frequency 
became  longer  for  both  matched  and  unmatched  Input  frequency  components. 
The  power  produced  and  used  by  storage  is  greater  wnen  the  two  Input 

frequencies  1 and  1 cycle  per  unit  time  are  superposed  but  power  out  is 
a maximal  for  input  frequencies  0.01  and  0.01. 

The  modulation  of  Input  frequencies  Is  shown  in  Table  18(C). 

The  pattern  of  power  use  and  production  Is  similar  to  that  observed 
for  superposition  of  Inputs  to  the  autocatalytic  modal.  But  in  the 
modulated  case  signals  that  are  of  equal  frequencies  and  in  phase  give 
the  same  or  greater  power  capture  and  use  as  did  the  superposed  input. 
Unmatched  frequency  inputs  use  more  power  when  they  are  superposed 
rather  than  modulated.  Matched  frequency  inputs  that  are  modulated  can 
resonate,  accelerating  pulsing  and  competition,  and.  therefore,  they  give 
greater  power  production  and  use  than  do  similar  inputs  that  are 
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superposed,  If  both  input  signals  are  noisy  a nodulated  system  gener- 
ates greater  production  and  use  of  power  than  does  a superposed  system. 
The  Nigh  turnover  component  in  the  nodulated  system  has  a shorter 
survival  tine  than  in  a superposed  system  for  almost  all  frepuency 
inputs  examined, 

The  effect  of  amplitude  variations  on  the  mean  square  power 
produced  and  used  by  storages  of  the  autocatalytlc  competition  models 
In  Figures  14  and  21  is  shown  in  Table  19.  The  results  show  that  in 
general  the  more  variance  that  is  present  at  high  frequency  the  greater 
the  power  produced  and  used  by  the  system  and  the  shorter  the  survival 
time  of  p,].  the  fast  turnover  component. 

Hodulation  and  Frequency  Hatching 

Table  20(A)  presents  the  results  of  simulating  the  model  given 
in  Figure  21  with  system  unit  turnovers  which  match  the  input  frequen- 
cies or  their  sum  or  difference.  Table  20(A)  showed  that  the  total 
power  produced  and  used  by  Run  4,  with  turnovers  equal  to  the  sum, 

T ■ 1.6;  difference,  T = 0.4-.  and  the  low  frequency  input,  T = 0.6 
exceeded  the  total  power  captured  and  used  by  all  other  runs. 

Table  20(B)  gives  the  results  of  simulating  the  model  shown 
In  Figure  21  when  only  one  of  the  component  turnovers  matches  an  input 
frequency  or  their  sum  or  difference.  The  matched  unit  is  able  to 
capture  and  use  the  most  power  when  its  turnover  is  equal  to  the  sum  of 

frequencies,  the  power  it  is  able  to  produce  and  use  decreases.  The 
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total  power  produced  becomes  greater 


matched 


unit  corresponds 

to  lower  frequencies  in  the  input-  However,  the  total  power  used  in 
the  system  is  greatest  when  the  frequency  matched  is  highest,  and  has 
a minimum  at  turnover  1.Q, 

A nested  Competition  Model 

The  linear  and  autocatalytic  competition  model  programs  were 
rewritten  in  order  to  Incorporate  a nested  time  constant  structure. 

These  programs  are  given  in  Appendix  A.  The  nested  program  runs  each 
storage  at  a dt  such  that  the  ratio  dt/x  equals  a constant,  Therefore, 
fast  or  small  time  constants  run  at  small  dt's  and  conversely  large  time 
constants  run  with  large  dt's. 

The  results  of  simulating  the  nested  linear  competition  model 
over  a three  decade  range  of  frequency  are  given  in  Table  21.  The 
results  are  very  similar  to  those  shown  for  the  linear  model  without 
nesting  (see  Table  3),  Unit  Qj  in  the  nested  model  uses  more  power  at 

The  autocatalytic  nested  model  simulation  results  are  given  in 
Table  22-  Unit  t].|  with  a turnover  of  10  is  dominant  when  the  input 
signal  is  10  cycles  per  unit  time.  However,  if  the  input  signal  fre- 
quency decreases  to  1 cycle  per  unit  time,  O3  excludes  the  other  two 
units.  For  a lower  input  frequency  of  0.1  all  three  units  survive  past 
time  1,000.  These  results  are  similar  to  the  unnested  case  for  frequency 
0.1  but  very  different  from  the  unnested  case  at  input  frequencies  10 


1 (see  Tables  12  and  22).  Unit  Is  the 
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time  units  in  the  unnested  version  but  in  the  nested  version  3^  pulses 
and  is  quiokly  excluded  at  frequencies  10  and  1.  The  results  of  simu- 
lating a nested  autocata1yt1c  comoetition  model  with  two  modulated 
Inputs  areshown  In  Table  23,  The  behavior  of  the  model  in  this  simula- 
tion is  similar  to  that  described  for  the  autocatalytic  model  without 
modulation.  Once  again  the  dominant  units  of  the  nested  model  were 
different  fron  those  dominant  in  the  unnested  model  for  input  frequen- 
cies 10  and  1 but  close  to  the  same  at  Input  frequency  0.1. 

Filter  Properties  of  Chain  Wodels 

Linear  and  autocatalytic  three  unit  chain  models  were  examined 
in  734  simulation  runs  to  determine  their  wave  filter  properties.  The 
linear  model  Is  given  in  Figure  22.  A group  of  autocatalytic  chain 
models  with  a variable  number  of  feedbacks  is  given  in  Figure  23.  The 
linear  model  and  the  autocatalytic  models  with  aero  and  three  secondary 
positive  feedbacks  were  simulated  over  a three  decade  range  of  freguenoy 
at  high  and  low  energy  levels.  In  addition,  the  significance  of  the 
order  of  component  turnovers  in  the  chain  was  explored  by  simulating 
four  arrangements  of  congionent  turnover  over  a six  decade  frequency 
range  for  the  models  in  Figure  23(a),  (b),  and  (d).  The  five  additional 
autocatalytic  models  in  Figure  23  were  simulated  over  a three  decade 
range  of  frequency  using  the  same  four  turnover  arrangements  but  with 
an  excess  of  available  energy  equal  to  the  mean  square  energy  of  the 
input  signal. 

The  effect  of  the  position  of  a second  varying  energy  source 
upon  the  power  generated  by  a three  conponent  autocatalytic  chain  with 
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Figure  22.  A linear  chain  model  shoxing  the  flows  Chat  would  result 
if  there  were  a IDS  power  transfer  between  comionents  of 
the  chain,  and  the  driving  input  is  a variable  time 
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2ero  and  three  secondary  positive  feedbacks  were  also  Investigated. 
These  systems  were  first  simulated  with  a constant  energy  at  the  chain 
base  and  a variable  second  energy  interaction  at  unit  one,  unit  two, 
or  unit  three.  Simulations  were  run  over  a sin  decade  range  of  fre- 
quency for  each  of  the  four  time  constant  arrangements  defined  above. 
Neat  the  systems  were  simulated  with  variable  energies  at  the  chain 
base  and  interacting  at  each  of  the  three  system  component  levels. 
These  simulations  were  also  run  over  a si»  decade  range  of  frequency 


Filter  bropertles  of  a Linear  Chain 

The  results  of  simulating  the  linear  chain  model  given  in 
Figure  23  are  given  in  Tables  2d,  25,  and  26.  In  Table  2d  the  results 
of  simulating  the  linear  model  for  high  and  low  energy  inputs  are  shown. 
The  power  produced  at  is  always  the  same  since  it  depends  only  on 
the  value  of  the  energy  remaining.  In  both  the  high  energy  and  low 
energy  cases  the  power  produced  and  used  increases  as  the  frequency 
input  becomes  slower.  Table  25  gives  the  results  of  simulation  runs  in 
which  models  with  four  arrangemehts  of  the  three  component  turnovers 
were  exposed  to  various  input  frequencies.  In  all  cases  the  power  pro- 
duced and  used  increased  (or  remained  the  same  for  less  elastic  fre- 
quency, turnover  matches)  as  Input  frequency  became  slower.  The  model 
with  turnover  arrangement  Q.|  * 10,  - 1,  0^  - 0,1  produced  and  used 

more  power  than  the  other  configurations  over  the  three  decade  range 
of  frequency  tested.  This  was  due  to  the  greater  efficiency  of  power 
transfer  up  the  chain  and  not  to  more  efficient  energy  capture. 


Figure  23. 


The  models  given  in  (i)  through  (h)  show  eight  possible 
conbinations  of  secondary  positive  feedbacks  within  a chain 
of  three  autocataiytic  units.  The  flows  shown  are  calcu- 
lated on  the  assunption  that  10%  of  the  energy  produced  by 
a unit  is  transferred  to  the  next  level  whether  up  or 
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Table  26  gives  the  values  for  HSQ  power  produced  and  used  by  the  linear 
chain  when  there  is  excess  mean  square  energy  of  4.4  units  available 
for  exploitation. 

Table  27  shows  the  mean  square  power  produced  and  used  by  the 
linear  chain  as  a function  of  amplitude.  The  greater  the  proportion  of 
the  total  power  available  that  is  in  variant  power  the  less  total  power 
is  produced  and  used  by  the  model.  Table  28  gives  the  effect  of  changes 
in  the  signal  neani  amplitude,  and  frequency  on  the  power  produced  and 
used  by  a linear  chain  model.  The  results  show  that  the  mean  effect  is 
about  an  order  of  magnitude  greater  than  the  amplitude  effect  which  in 
turn  is  an  order  of  magnitude  greater  than  the  effect  of  changes  in 
frequency. 

filter  Properties  of  an  Auwatalrtic  Chain 

Table  29  contains  the  results  of  simulating  the  zero  secondary 
positive  feedback  autocatalytic  chain  model  given  in  Figure  23{a).  The 
power  produced  and  used  in  the  model  increased  as  the  input  frequency 
became  slower.  The  power  produced  and  used  at  a given  frequency  was 
larger  for  more  constant  signals  as  shown  by  (B]  of  Table  29.  Table  30 
shows  the  simulations  of  this  autocatalytic  chain  for  four  different 
arrangements  of  the  component  turnovers  given  as  A,  B,  C,  and  D.  Input 
frequency  10  is  exploited  approximately  the  same  by  all  configurations 
because  its  variation  is  too  rapid  to  be  captured  by  any  of  the  turn* 
overs  tested.  Input  frequency  1 is  exploited  most  successfully  by 
turnovers  in  the  order  10.  1.  0.1  because  of  the  position  of  this  model's 
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Tsble  29. 


The  effect  of  changes  in  the  signal  mean,  ao^litude,  and 
frequency  on  the  power  produced  and  used  by  a three  unit 
linear  chain  model 


Change  in  Change  in  Change  in 

hean  Amplitude  Frequency 

(A)  High  Energy  Input 
±20 

*20 

-20 

xlO 

«0.1 

(S]  Low  Energy  Input 
±20 

*20 

-20 

,10 


Change  in  Power 


I 


sf 

4 


4 


!ii 


HHil 

S : S 5 i 

HIH: 

1 1 1 1 1 

mill 

5 ! S ! ! 

mill 

Hi:: 

iiiHI 

1 1 1 S 1 

mm 

!Hs! 

mm 

iHili 

mill 

5 a s s i 1 

1 1 a 8 S i 

All 

10.00 

1.00 

0.10 

High  Energy 

= H = : i 

1 

j yliii 

Iliiil 

- 

i!lin 

- illiil 

sillll 

- sssm 

^ yyn 

1 1 m ! 

- jimii: 
: " 2 

nmi 

f j!!!!i!; 

iiiill 

13S 


high  frequency  cutoff  (see  Figure  24).  Input  frequency  0.1  Is  most 
successfully  utilized  by  the  configuration  In  D with  turnover 
0.1,  10,  and  1 because  of  resonance  set  up  at  the  second  chain  convon- 
ent  [see  Table  30(D)  and  Figure  24],  The  power  produced  and  the  power 
used  by  each  configuration  have  distinct  resonance  peaks  as  shown  In 
Figure  24.  Cases  A and  E have  a single  peak  at  Input  frequency  0.01, 
whereas  cases  C and  0 have  double  peaks  at  frequencies  0.1  and  0.001 
and  0.01  and  0.0001,  respectively. 

Table  31  gives  the  effect  of  changes  in  mean,  amplitude,  and 
frequency  of  the  Input  signal  upon  the  change  In  power  produced  and  used 
by  the  autocetalytic  chain  model  In  Figure  23(a).  The  mean  effect  Is 
largest  but  amplitude  and  frequency  effects  can  be  a fourth  and  a third 
as  large  as  Che  mean  effect,  respectively.  Sometimes  the  amplitude 
effect  can  be  larger  than  the  frequency  effect.  In  general , the  fre- 
quency effects  for  the  autooata lytic  chain  are  much  larger  than  those 
for  the  linear  chain  models. 

Tables  32  and  33  take  the  power  produced  and  used  by  storages 
in  Table  30  and  split  It  Into  fractions  due  to  the  mean  and  variance. 
This  breakdown  shows  Chat  case  A does  best  at  Input  frequency  1 
because  its  variant  power  produced  and  used  Is  greater  than  the  alter- 
native cases  while  the  mean  power  is  about  the  same  for  all  cases. 

The  variant  power  produced  by  case  D due  to  resonance  at  unit  0^  is 
responsible  for  the  dominance  of  this  configuration  at  Input  frequency 
0.1.  On  the  other  hand,  case  C does  not  handle  variant  power  as  well  as 
case  A and  3 at  frequency  0.1  yet  because  lt  Is  able  to  generate  more 
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A Bode-11k8  plot  Of  the  frequency  behevior  of  the  three  unit 
nonlinear  chain  model  Mithout  secondary  positive  feedbacks 
in  Figure  23(a)  for  four  turnover  arrangements 
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Table  31.  The  effect  of  changes  In  the  signal  mean,  arslltude,  and 
fnequency  on  the  power  produced  and  used  by  the  three  unit 
chain  model  given  in  Figure  73(a).  The  changes  are 
calculated  from  data  In  Table  79 


Change  in  Change  in  Change  in 

Hean  Amplitude  Frequency 


(A)  High  Energy  Input 


♦20 

-20 


(B)  Low  Energy  Input 


♦10 

-10 


Change 


Produced 


t22.20  ±20.00 

-5.76  -3.BS 

2.46  2.46 

-0.89  -1.29 

5.73  5.21 

±22.20  ±20.00 

-1.85  -0.53 

2.16  1.78 

-1.25  -1.14 

7.00  6.44 
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mean  power  than  any  other  configuration  it  has  the  second  highest  value 
for  power  produced  at  this  frequency.  However,  case  C uses  less  of 
this  mean  power  than  the  other  configurations  and  it  does  not  use  Its 
varying  power  as  well  as  the  others  so  It  has  the  lowest  value  of  power 
used  at  frequency  0.1. 

Filter  Properties  of  an  facocatalytic  Chain 

The  autocatalytic  chain  [Figure  23(b)  with  three  secondary 
positive  feedbacks  was  simulated  at  the  sane  values  of  high  and  low 
energy  that  were  used  to  evaluate  the  linear  and  tero  positive  feedback 
cases.  The  four  turnover  arrangenents  previously  discussed  were  slnu* 
lated  over  a four  decade  range  of  frequency.  The  results  of  these 
simulations  are  given  in  Table  34.  All  low  energy  cases  with  variable 
input  became  zero  very  quickly.  Only  models  with  high  energy  input  from 
turnover  cases  A and  B were  not  zero  at  tine  1 ,000.  Case  A was  stable 
for  input  frequencies  of  0.1  and  0.01  while  case  B was  stable  for  fre- 
quency Inputs  I and  0.1.  Also,  case  A was  stable  for  Input  frequency 
I at  amplitude  10.0.  The  stable  runs  of  the  three  positive  feedback 
models  were  able  to  produce  and  use  much  more  power  than  any  of  the  models 
with  zero  feedback.  Turnover  case  A was  able  to  produce  slightly  more 
variant  power  but  less  mean  power  Chan  case  S (see  Table  34). 

Cwarlson  of  the^FiJKr  Properties 

The  eight  chain  models  shown  in  Figure  23  were  simulated  with 
four  component  turnover  arrangements  over  at  least  a three  decade  range 
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of  frequency.  Ttie  previous  results  in  Table  34  showed  that  the  sur- 
vival of  most  configurations  with  positive  feedback  depended  on  having 
excess  energy  available.  Tor  this  reason  these  chain  models  were  simu- 
lated with  energy  remaining  equal  to  ICO  giving  944  units  of  energy 
input  available  to  the  system.  Table  35  gives  the  results  of  simulat- 
ing these  chain  models  with  turnovers  of  ■ 10,  Og  * 1,  Qg  * 0.1. 
Highly  stable  models  (a),  (b),  and  (d)  In  Figure  33  were  simulated  over 
a six  decade  range  of  frequency.  The  other  configurations  were  simu- 
lated over  a three  decade  frequency  range.  Both  the  power  produced 
and  used  by  model  (a)  increased  to  a peak  at  frequency  0.01  and 
declined.  The  power  produced  by  models  (b)  and  (d)  showed  an  increase 
with  decreasing  input  frequency.  However,  the  power  used  by  these 
models  declined  to  a minimum  for  Input  frequency  0.1  and  reached  a 
maximm  for  Input  frequency  0.001.  Tables  36  and  37  show  the  breakdown 
of  power  due  to  the  signal  mean  and  that  due  to  the  signal  variance, 
respectively.  The  variant  power  used  by  the  positive  feedback  models 
is  greatest  for  input  frequency  0,001  and  has  a local  minimum  at  input 
frequency  0.1  and  a global  minimum  at  input  0.0001.  The  mean  values 
for  power  produced  and  used  generally  Increase  slightly  with  frequency 
models  (b)  and  (d)  but  at  frequency  0,0001  they  increase  precipitously. 
Figure  25  shows  a Bode  plot  canparing  variant  power  use  by  models  (a), 
(b),  and  (d).  The  mean  value  of  power  produced  and  used  between  models 
shows  large  differences.  The  more  positive  feedbacks  a model  has  the 
more  mean  power  it  is  able  to  transform  and  the  smaller  the  number  of 
stable  runs  obtained  (see  Figure  26}.  The  results  for  mean  power  used 
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Figure  25. 


A con^arlson  of  Bode-llke  glots  for  the  models  shown  In 
Figure  23(a),  23(b),  and  23(d).  Turnovers  are 
0|  - 10,  02  = 1.0.  03  ■ 0.1. 
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b.  * 9ECON0ART  POSITIVE  FEEOSACKS 


a.  * SECONOARV  POSITIVE  FEED0ACKS 


Figurs  26. 


The  reletionship  between  the  number  of  secondary  positive 
feedbacks  and  power  production,  power  use,  and  stability 
of  the  models  In  Figure  23.  (a)  Power  production  and  use; 

(b)  stability. 


;se 

are  nare  conplex  because  the  one  feedback  node!  used  less  power  than 
the  zero  feedback  case.  One  feedback  model  [Figure  23(f)]  and  two 
feedback  model  [Figure  23(g)]  were  not  able  to  exist  under  any  of  the 
variable  Inputs  tested.  One  feedback  model  (h)  was  only  viable  at 
Input  frequency  1,  and  one  feedback  model  (c)  did  not  exist  at  input 
frequency  less  than  0.1.  hodel  (d)  with  two  feedbacks  was  able  to  use 
more  total  power  than  model  (b)  with  three  feedbacks,  but  model  (b) 
was  able  to  produce  more  power  than  model  (d).  The  superiority  of 
model  (d)  Is  seen  to  be  due  to  Its  ability  to  use  variant  power,  where- 
as the  superiority  of  mode!  (b)  cones  from  Its  generation  of  more  mean 
productive  power.  Tables  35,  36,  and  37  also  show  the  values  for  power, 
mean  power,  and  variant  power  captured  by  models  (a),  (b).  and  (d). 

Model  (b)  captures  more  total  power  because  it  Is  able  to  capture  more 
variant  power  than  model  (d)  except  at  input  frequency  0.0001,  when 
model  (d)  wins  because  It  takes  more  mean  power  and  about  the  same 

Table  38  gives  the  mean  square  power  produced  and  used  by  eight 
chain  models  given  In  Figure  23  with  a11  turnover  tines  equal  one  over 
a three  decade  range  of  frequency.  Two  feedback  models  (g)  and  (c) 
and  one  feedback  model  (f)  were  zero  before  the  run  time  was  over,  and 
one  feedback  model  (h)  existed  only  at  input  frequency  10.  The  pcwer 
produced  and  used  by  chain  (a),  the  zero  positive  feedback  model, 
increased  as  the  frequency  became  slower.  However,  models  (b).  (d), 
and  (e)  chains  which  have  three,  two,  and  one  positive  feedback, 
respectively,  had  the  maximum  power  produced  at  input  frequency  1.  The 
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input  frequency 


power  used  by  all  models  increased  as  the 
The  total  power  produced  is  greater  the  more  positive  feedbacks  a chain 
has  for  this  turnover  arrangement.  However,  the  total  power  used  by 
one  feedback  model  (e)  is  less  than  the  power  use  of  the  zero  feedback 
model  (a),  The  portion  of  the  mean  square  power  due  to  the  mean  is 
given  in  Table  39  and  that  part  of  the  total  due  to  the  variance  is 
shown  in  Table  40.  for  a given  model  the  mean  values  of  power  produced 
and  used  did  not  change  very  much  with  input  frequency.  Comparison  of 
the  mean  values  between  models  showed  that  power  production  increased 
with  increasing  positive  feedbacks,  The  mazimum  in  power  production 
at  Input  frequency  1 is  seen  from  Table  40  to  be  due  to  the  large 
amount  of  variant  power  produced  by  models  (b)  and  (d)  at  this  frequency. 
The  variant  power  use  increases  as  the  frequency  becoeies  slower.  The 
survival  times  for  those  models  that  were  zero  before  time  1,000  are 
given  in  Table  38. 

Table  41  shows  the  power,  mean  power,  and  variant  power  pro- 
duced and  used  by  storages  of  the  chain  models  in  Figure  23  when  the 
turnovers  are  arranged  0.|  = 0.1,  Qj  = 1.  Qj  • 10,  and  Q.|  * 0.1,  Oj  * 10, 
Qj  ~ 1.  The  zero  feedback  model  (a)  exists  at  the  end  of  1,000  time 
units  for  both  of  these  turnover  arrangements.  The  one  feedback  model 
(h)  was  also  stable  for  case  D turnovers  Q|  • 0.1.  O2  ' 10-  O3  “ 1- 
Doth  the  mean  and  variant  power  increase  slightly  as  frequency  decreases. 

Filter  Properties  of  Chain  Models 

Three  chain  models  with  zero,  two,  and  three  secondary  positive 
feedbacks  are  shown  in  Figure  27.  These  models  are  similar  in 
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Figure  27. 


Three  unit  chain  models  lettered  as  shewn  in  Figure  23 
with  energy  flows  allowing  large  second  law  losses  at 
each  interaction. 
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configurations  to  their  counterparts  In  Figure  23.  However,  energy 
flows  In  Figure  27  are  adjusted  so  that  90t  of  the  available  energy 
Is  lost  at  each  interaction,  Table  12  gives  the  power  produced,  used, 
and  captured  by  these  chain  models  as  a function  of  the  Input  frequency 
when  component  turnovers  are  C,j  = 10,  Oj  • 1.  Q,  ■ 0,1  Section  A of 
Table  42  contains  the  results  of  simulation  for  the  model  configuration 
without  secondary  positive  feedbacks.  The  total  power  produced,  used, 
and  captured  show  a similar  pattern  as  a function  of  frequency.  There 
Is  a peak  of  produced,  used,  and  captured  power  when  the  Input  frequency 
is  1.  These  increases  are  due  to  increases  in  the  variant  power  pro- 
duced, used,  and  captured  as  nay  be  seen  from  Tables  43  and  44,  As  the 
input  frequency  increases  from  0,1  to  0.001  power  produced,  used,  and 
captured  first  fall  and  then  rise  steadily  due  to  changes  in  the  variant 
power.  At  input  frequency  0.001  all  values  continue  to  rise  but  for  a 
different  reason.  At  this  frequency  the  variation  is  not  as  successfully 
exploited  as  It  was  at  higher  frequencies,  but  enough  aoditional  power 
is  produced,  used,  and  captured  fron  the  mean  td  allow  the  power  to  con- 

Section  B of  Table  42  shows  the  power  produced,  used,  and  cap- 
tured by  model  (d)  in  Figure  27.  The  pattern  of  power  profluction,  use, 
and  capture  as  a function  of  the  input  frequency  is  quite  similar  to 
that  produced  by  model  a. 

Table  42  (C)  gives  the  values  of  power  production,  use,  and 
capture  fer  model  (b)  in  Figure  27.  Power  use,  production,  and  capture 
by  model  (b)  have  a variation  with  frequency  that  is  similar  to  model  {d) 
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except  tfiere  Is  no  ?oca1  peak  at  input  1.0  cycles/tine  and  the  values 
in  inodel  {b)  are  greater  than  thpse  for  model  (d)  and  model  (a). 

Tables  43  and  44  show  that  generally'  mode!  (a]  captures  more  mean  power 
whereas  models  (d)  and  (b)  capture  more  variant  power  except  at  very 
high  and  very  low  freguencies  when  model  (a)  does  best.  Model  (a)  cap- 
tures the  most  power  at  Input  frequencies  1.0,  0.001,  and  0.0001, 
whereas  model  (b]  does  best  at  frequencies  0.1  and  C.OI. 

Table  4S  presents  the  power  produced,  used,  and  captured  for 
models  in  figure  V with  all  turnovers  equal  one  per  unit  time.  Sec- 
tion A of  Table  4S  supplies  this  information  for  model  (a)  in  Figure 
27  which  is  without  secondary  positive  feedbacks.  The  frequency  varia- 
tion of  power  production  use  and  capture  by  model  (a)  with  all  turnovers 
equal  is  similar  to  that  with  turnovers  decreasing  an  order  of  mag- 
nitude at  each  level  in  the  chain.  However,  there  is  no  peak  in  power 
use  or  capture  at  input  frequency  1.0.  Variant  power  produced,  used, 
and  captured  increase  to  a maximum  at  input  frequency  0.001  and  then 
fall  off  (see  Table  47).  The  total  power  produced,  used,  and  captured 
continues  to  increase  at  input  frequency  0.0001  because  the  mean  values 
of  these  three  increase  precipitously  for  this  input  frequency. 

Table  45  (B)  gives  similar  results  for  model  (d)  in  Figure  27. 
Tables  46  and  47  show  that  only  three  of  six  frequency  inputs  gave 
stable  runs  for  this  model.  Those  runs  which  were  stable  did  not  do  as 
well  as  other  pathway  and  turnover  configurations  already  examined.  More 
variant  power  appears  in  the  unstable  runs  because  of  the  increased 
variance  caused  by  zero  values  which  lower  the  mean  as  well  as  the  fact 
that  excluded  units  tend  to  pulse  before  going  to  zero. 
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Model  (b]  wds  unsteble  at  a11  freouencies  tested  when  each  of 
the  coTponent  turnovers  was  eoual  to  one  per  unit  time.  Only  nine  of 
eighteen  slniulatfon  runs  were  stable  when  unit  turnovers  all  equaled  1. 
Whereas  all  of  the  eighteen  simulation  runs  were  stable  when  turnovers 
decrease  by  a factor  of  10  with  each  succeeding  level.  Only  model  (a) 

q^-l.Qj-lO. 

Table  48  gives  the  power  produced,  used,  and  captured  by 
model  (a)  in  Figure  27  as  a function  of  frequency  when  unit  turnovers 
are  ■ 0.1,  Qj  • 10,  Qj  ■ 1.  For  this  case  the  system  first  oscil- 
lates producing  and  using  a lot  of  variant  power.  As  the  run  continues 
units  Oj  and  Oj  go  to  aero  leaving  only  unit  0|  which  grows  to  10  times 
its  initial  siae.  This  very  large  storage  at  Q.|  is  able  to  oroduce,  use, 
and  capture  more  power  than  any  other  configuration  tested  at  this 
efficiency  of  energy  transfer.  The  power  used  and  captured  have  a peak 
at  Input  frequency  1.0  from  which  there  is  a steady  decline  to  a low 
at  input  frequency  0.001.  At  frequency  0.0001  both  power  used  and 
captured  are  highest.  The  observed  pattern  is  due  primarily  to  the 
behavior  of  the  mean  power.  The  variant  power  used  peaks  at  input 
frequency  0.01.  The  power  produced  increases  to  a high  at  input  fre- 
duency  0.001  and  then  falls  off.  This  drop  is  due  to  the  fall  in 
variant  power  captured  and  produced  at  this  low  frequency. 

Table  48  (8)  presents  the  HSQ  power  produced,  used,  and  cap- 
tured by  model  [a)  of  Figure  27  when  frequency  varies  over  a six  decade 
range  and  turnovers  are  • 0.1,  Oj  * 1,  O3  * 10.  This  turnover 
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arrangenent  produced  the  least  power  at  all  frequencies.  Unit  Q.|  Is 
unable  to  maintain  Its  Initial  storage  while  grows  to  a value 
greater  than  Its  Initial  value.  Unit  Qj  oscillates  and  then  goes  to 
zero.  This  results  In  the  creation  of  a chain  that  has  a pattern  of 
decreasing  turnover  for  each  successively  higher  unit  in  the  chain. 

This  Is  just  the  opposite  pattern  from  that  which  was  given  initlally- 
All  other  cases  approximately  maintained  their  initial  turnovers  aver> 
aged  over  l.OOfl  time  units,  bower  produced,  used,  and  captured 
Increase  gradually  with  decreasing  input  frequency  to  a peak  at  Input 
frequency  0.001  and  then  fall  off. 

Figure  28  shows  that  there  Is  an  exponential  decline  in  the 
stability  of  chain  models  with  large  second  law  losses  with  increasing 
numbers  of  secondary  positive  feedbacks.  These  models  are  able  to 
generate  very  little  additional  power  by  establishing  secondary  positive 
feedbacks  [see  Figure  28(b)],  When  power  captured  Is  viewed  as  a function 
of  the  number  of  secondary  feedbacks  the  less  power  lost  In  a feedback 
Interaction  the  more  power  the  system  Is  able  to  capture  as  feedbacks 
are  Increased. 

Filter  Properties  of  Zero  Positive 
feedback  cnaln  with  une  variable  and 

An  autocatalytic  chain  model  without  secondary  positive  feed- 
back  between  units  was  simulated  over  a six  decade  frequency  range  for 
four  different  arrangements  of  the  unit  turnovers  (see  Figure  28).  One 
was  constant  and  entered  at  the  base  of  the  chain  and  a 


energy  source 


Figure  2B. 


Effects  of  increasing  the  number  of  secondary  positive 
feedback  loops  in  a three  unit  autocatelytic  chain. 

(a)  The  relationship  between  the  number  of  secondary 
positive  feedbacks  and  the  stability  in  chain  models  with 
large  second  law  losses  given  in  Figure  27;  (b)  the  rela- 
tionship between  the  number  of  secondary  positive  feedbacks 
and  the  power  produced  ( — ) and  used  ( — ) by  the  chain 
model  In  Figure  27;  (c)  a comparison  between  the  power 
captured  by  chain  models  with  large  second  law  losses 
( — ) and  those  with  small  second  law  losses  (— ) at 
interactions. 


I.)  S.t..d  Input  ..  0, 

■o  ■ 'o  - Vi’i’o 

.,  . I,  . 

i,  . - i,q,  - i,q,q, 

«!  ■ >,"i%  - ‘A  - ‘sW 
•q  ■ »s»!«3  - Vs 

■q  ■ ‘q  - Vi>q 
. I,  - t„q,q,., 
i,  . i,q,.„  - 1,0,  - i,q,q,«, 
q, . i,q,q,.,  - «,q,  - i,q,q, 
q, . i,q,q,  - 1* 

■o  ■ iq  - Wo 
R,  . - i„q,q,R, 

i,  . k,q,R„  - i,q,  - R,Q,q, 
q,  ■ ijq,q,  - .,0,  - RjO^R, 
6, . i,q,q,R,  - 1,0, 


iaa 


second  variable  energy  source  enteredat  either  unit  one.  two.  or  three. 

A suififiary  of  these  results  Is  given  in  Table  51  and  Figure  3D.  The 
complete  simulation  results  are  given  in  the  data  supplement  to  this 
dissertation. 

Table  51  demonstrates  that  the  power  generated  by  this  chain 
model  for  a given  source  position  and  frequency  input  is  remarkably 
similar  regardless  of  the  turnover  configuration.  The  position  of  the 
second  variable  energy  source  seems  to  be  the  most  important  factor  in 
determining  the  power  produced  and  used  by  this  model.  The  pattern  of 
frequency  response  Chat  emerges  at  the  and  level  is  determined 
largely  by  the  model’s  high  frequency  cutoff.  However,  at  level 
turnover  Case  D produces  and  uses  more  energy  than  any  of  the  other 
cases  due  to  resonance  set  up  at  frequencies  10  to  0.1.  Tables  52  and 
53  give  the  portion  of  the  power  due  to  the  mean  and  variance,  respec- 
tively. The  data  supplement  gives  the  complete  breakdown  of  power 
generated  by  the  mean  and  variance  for  each  of  the  four  time  constant 
arrangements  tested. 

The  frequency  response  of  the  model  to  a vaniable  energy  input 
entering  at  is  given  in  section  A of  Tables  51.  52.  and  53  and  by  the 
Bode-like  plot  in  Figure  3D(a).  Both  the  high  frequency  and  noisy  in- 
puts produce  and  use  more  power  than  low  frequency  inputs  tested  here. 
Table  52  and  S3  show  that  this  result  is  due  to  the  increased  mean  power 
produced  and  used  by  the  turnover  arrangements  at  these  frequencies. 
Figure  30(a)  shows  that  the  frequency  response  of  power  used  is  primar- 
ily that  of  a low  pass  filter  at  high  frequencies  with  resonant  power 


si 


I 


; I 


ilSSSSi  l|3 


S I 


illllls  ;ss 
lillili  III 

2115=11  III 
lllllll  III 


II 

II 

ii 


if 


?22lllll?222 


IP 


illlilPlI 
i ■ 1 


II 

is 

II 


1 

f 

° 

oo 

1 

i 

1 

ijiiPi 

i 

1 

mini 

! 

mini 

3 

mmii 

! 

flililsi 

1 

•1 

=1  llsllli 

S 

il  mim  mmi 
= 1 mnu 

i 

121  iiiissi  mmi 

5 

n Si::::: 


5 I 
2 


n 


if 


mmi 

limmimmi 

LiiiiiiJ.piiiS 


193 


2 

il  mim  mim 


=1  11=11!!  1111!=! 

iH  mmi 

s53  lillll!  illi!!! 
= :■ 

it  mmi  imm 


6 I 


*1 


111!!  Iiili== 


i 

1 


ll!  = llp!lll  = ? 


n iiiipi 


=2 

iH  mmi 

i°s 

" 5 

il  mim 


2 I 


n 


illlssi 

“£~==25s 

^ d o O d d 


197 


U3M0d  INVIldVA  01 


U3MOd  INVItiVA  OllVU  001 


becoming  more  importent  at  low  frequency  inpute.  Turnover  Case  A 
handles  variant  power  best  over  a band  from  10  to  0.001  cycles  per 
unit  time  for  this  input  case. 

The  frequency  filter  aspect  of  the  turnover  arrangement  also 
is  seen  by  examining  Table  53.  The  10  cycle/unit  time  frequency  and 
noisy  inputs  are  too  fast  to  be  exploited  by  the  turnovers  used  here  as 
can  be  seen  by  examining  the  power  used  columns  inTable  53,  Turnover 
Case  A produces  more  variant  power  at  frequencies  1 and  0.1  cycle  per 
time  unit  than  do  the  other  three  cases.  For  input  frequency  0.01, 

Case  B does  as  well  as  Case  A but  Case  C produces  the  most  power.  At 
lower  frequency  inputs  case  D produces  and  uses  the  most  variant  power. 
Noisy  and  10  cycle  per  time  unit  inputs  produce  a considerable  amount 
of  variant  power  regardless  of  the  model's  turnover  structure.  This 
variant  pcwer  is  not  transmitted  up  the  chain  or  used  by  unit  Q^. 

Table  51  <B)  and  Figure  30(b)  show  the  simulation  results  when 
the  variable  energy  enters  at  unit  Oj-  The  second  input  energy  and  its 
signal  amplitude  are  less  at  this  level  reflecting  the  increased  qual- 
ity of  this  input  energy.  There  are  only  small  differences  between  the 
four  arrangements  with  Che  second  input  at  Qj.  Cases  A,  B,  and  0 all 
show  a slight  increase  in  the  total  power  produced  and  used  as  the  inout 
freguency  becomes  larger.  Case  C has  maximum  power  use  at  input  fre- 
quency 0.1  cycles  per  time  unit.  These  results  are  seen  to  be  largely 
the  result  of  the  differences  in  production  and  use  of  variant  power  (see 
Table  53).  The  maximum  shown  by  Case  C reflects  a resonance  of  unit 
three's  fast  turnover  with  the  input  frequency  tp  produce  and  use  the 


extra  variable  power  at  shewn  by  Its  resonant  peak  on  Figure  30(b). 

The  turnover  arrangement  case  0 has  the  fastest  turnover  for  and 
uses  power  best  at  frequency  one  cycle  per  tine  and  higher. 

Table  5!  (C)  and  Figure  30(c)  give  the  results  of  simulations 
when  the  second  energy  source  is  Input  at  Qj,  Turnover  Case  D exhibits 
resonant  response  over  a frequency  band  from  10  to  0.01  cycles  per  unit 
time  but  1s  unstable  for  lower  frequency  Input  signals  [see  Figure 
30(c)],  Cases  AandB  show  a distinct  drop  in  the  power  produced  at 
Input  frequency  0.01  cycles  per  time  unit  and  they  are  unstable  at  lower 
frequencies.  Cases  B and  C show  a gradual  increase  In  the  power  used  to 
peak  at  0.01  cycles  per  unit  time  and  then  they  become  unstable.  Table 
53  (C)  shows  that  the  drop  in  power  produced  at  frequency  C.DI  for 
Cases  A,  B,  and  C is  due  to  a drop  In  the  mean  power  produced.  The 
data  supolenent  Tables  2,  S,  and  7 show  this  effect  to  be  due  to  the  loss 
of  mean  power  produced  by  unit  Oj  in  the  chain.  Table  53  (C)  shows  that 
the  Increased  power  produced  and  used  by  Case  0 is  due  to  a large 
increase  in  the  variant  power  component.  The  data  supplement  Table 
12  shows  this  increase  to  be  attributable  almost  entirely  to  the 
increased  use  and  production  of  variant  power  by  unit  the  chain 
with  a fast  turnover  of  10. 

Of  the  three  positions  that  a second  variable  energy  source 
may  enter  a three  unit  autocatalytic  chain  with  aero  positive  feedbacks 
an  interaction  at  0^  or  the  highest  component  level  generates  more  power 
and  uses  more  power  over  a large  band  of  frequencies  from  10  to  0.01 
cycles  per  time  unit  for  four  turnover  arrangements  tested.  An  excep- 
tion occurs  for  the  power  produced  Oy  Cases  A through  C when  the 
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rajltloUcatlon  of  s high  frequency  signal,  10,  by  a constant  generates 
additional  variant  power  that  is  not  used  by  the  model  components. 

For  frequencies  lower  than  0.01,  input  at  unit  Q2  gives  the  most  power 
used  and  produced.  Table  SO  gives  the  frequency  analysis  simulation 
results  for  the  four  turnover  cases  when  the  input  at  Q|  has  an  ampli' 
tude  of  214.5  which  has  total  power  equivalent  to  the  single  input 
amplitude  of  300.  If  the  totals  in  Table  54  are  substituted  for  those 
in  Table  52  (A)  one  finds  that  a second  input  at  unit  0^  always  gives  the 
most  power  produced  and  used  over  its  band  of  stable  input  frequencies. 

Filter  Properties  of  a Three  Positive 


The  results  of  simulating  an  autocatalytic  chain  mode!  with 
three  secondary  positive  feedbacks  over  a six  decade  frequency  range 
for  four  turnover  arrangenents  is  given  in  Table  55.  These  simulations 
were  performed  with  an  excess  energy  available  for  use  in  the  mode! 
which  amounted  to  the  energy  contained  in  the  variable  signal.  Only  25 
of  43  simulation  runs  were  stable.  Turnover  arrangements  represented 
by  Cases  A and  3 had  3 of  12  stable  runs,  Case  C had  5 of  12  stable  and 
Case  D had  only  4 of  12  stable.  Table  55  shows  that  of  the  three 
possible  positions  for  a second  energy  to  interact  with  this  model  the 
Q.|  position  yields  a far  greater  amount  of  power  produced  than  do 
positions  Oj  and  IJj.  Forty-one  percent  of  the  24  runs  were  stable  when 
the  second  energy  entered  at  Q.|.  When  the  second  energy  entered  at 
Oj  331  of  the  runs  were  stable  and  about  361  of  the  runs  were  stable 
when  the  second  energy  source  interacts  at  Qj.  Figure  32  shows  that 
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A 8ode-1^ke  plot  of  the  frequency  response  of  the 
models  with  three  secondary  positive  feedbacks  she 
Figure  31  when  one  energy  input  is  constant  and  a 
variable  energy  input  is  entering  the  chain  at  Oi- 

Case  A turnovers  are  Qj  » 10,  Og  ' 1.0.  Qj  = 
Case  8 turnovers  are  0,  ■ l.O.Qj-I.O,  O3  • 
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only  Cases  A and  B are  stable  over  a broad  frequency  band  from  I to 
0.0001  cycles.  The  Oo  Interaction  aosilior  uses  more  ooHer  ttian  do  the 
Oj  or  O2  positions  for  input  frequencies  1 and  0.1,  but  Q.|  is  unstable 
at  input  frequency  1.0.  Tables  56(a)  and  57(b)  show  the  portion  of  the 
power  due  to  the  mean  and  variance,  respectively,  Mhen  turnover  Case  A 
uses  more  power  than  Case  B at  Input  position  Q^,  it  does  so  because  it 
uses  variant  power  more  efficiently.  Case  B develops  more  productive 
power  at  frequencies  0.1  and  0.01  and  0,0001  because  it  produces  sligntly 
more  mean  power  and  almost  as  much  variant  power  as  Case  A.  Mewever, 

Case  A produces  the  most  power  at  frequencies  10  and  0.001  because  of 
greater  variant  power  production  that  exceeds  the  advantage  Case  9 
obtains  in  mean  power  production. 

Table  55  (B)  gives  the  results  of  simulation  when  the  second 
energy  source  interacts  at  unit  of  a three  deedback  autocatalytic 
chain.  Only  the  higher  frequencies  10  and  1 cycle  per  unit  time  are 
stable  and  at  these  frequencies  the  turnevers  tested  treat  the  input  as 
If  it  were  a constant  (see  Table  57).  There  is  not  a great  deal  of 
difference  between  the  power  produced  and  used  by  tha  four  turnover 
arrangements  when  the  second  input  energy  entered  at  Q^,  Table  55  (C) 
shows  Che  results  of  simulating  the  four  turnover  cases  of  a three 
positive  feedback  chain  when  the  second  input  energy  entered  at 
Case  0 produces  and  uses  slightly  more  power  at  input  frequencies  10 
and  1 due  to  the  greater  mean  power  it  generates.  Data  supplement 
TaOles  13  and  15  demonstrate  that  the  large  increase  in  power  produced 


by  the  three  feedback  chain 


to  the  increased  efficiency  of 
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transfer  of  power  between  levels  In  the  chain.  The  structure  of  the 
power  used  by  units  in  the  chain  Is  also  altered  so  that  the  highest 
unit  in  the  chain  is  responsible  for  the  most  power  use.  These  con- 
ditions are  only  true  for  the  simulations  when  the  two  energy  sources 
interact  at  0^.  When  the  energies  interact  at  Qj  or  pj  the  three 
feedback  chain  produces  and  uses  more  power  than  its  zero  feedback 
counterpart  but  the  efficiency  of  transfer  and  the  structure  of  energy 
use  is  not  radically  altered.  The  ability  of  the  zero  feedback  model 
with  Case  A turnovers  to  handle  increased  energy  is  shown  In  Table  20. 
It  is  clear  that  although  there  is  a slight  increase  in  the  power  pro- 
duced and  used  by  the  zero  feedback  model  with  increased  energy  avail- 
able; the  magnitude  of  the  increase  does  not  approach  the  increase  found 
with  the  three  feedback  chain, 

Filter  Properties  of  a Zero  Positive 


The  mean  square  power  produced  and  used  by  storages  of  the  zero 
secondary  positive  feedback  autocatalytic  chain  model  given  in  Figure 
33  is  suimarized  in  Table  SB  and  shown  in  full  in  the  data  supple- 
ment Tables  20to32.  One  variable  energy  source  enters  at  the  base  of 
the  chain  and  a second  variable  energy  source  interacts  at  units 
Oj.  or  O3.  The  results  are  given  over  a six  decade  frequency  range  for 
each  of  four  turnover  arrangements.  Table  58  (A)  and  Figure  34  give 
the  results  of  simulation  runs  in  which  the  second  energy  source  inter- 
acts at  unit  0^.  The  broad  pattern  of  the  frequency  response  for  a11 
turnover  arrangements  is  similar  to  that  of  a low  pass 
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addition,  Casoo  A and  B show  a single  resonance  peak  while  Cases  C and 
D have  double  resonance  peaks  over  the  six  decade  range  of  freguenoy 
tested.  In  general  tne  power  produced  and  used  by  the  model  1s  greater 
when  the  modulated  input  frequencies  are  matched  than  when  they  are 
not.  This  external  frequency  resonance  1s  further  enhanced  when  the 
Interacting  system  components  have  natural  frequencies  which  natch  the 
input  frequencies.  For  example,  turnover  Case  A produces  and  uses  the 
most  power  when  the  Input  frequencies  are  0.005  and  0.005  cycles  per 
unit  time,  which  corresponds  to  a resonant  peak  on  Figure  3A.  Case  A 
produces  and  uses  the  most  variant  power  at  input  frequencies  0.2  and 
greater  because  Its  turnover  is  fast  enough  to  capture  the  power  in 
these  high  frequencies.  When  the  Input  frequencies  are  lowered  to  0.1 
and  0,1  cycles  per  unit  time  Case  0 is  able  to  produce  and  use  the  most 
power.  Tables  59  and  50  and  Figure  34(a]  show  that  Case  D’s  dominance 
Is  due  to  a superior  production  and  use  of  variant  power.  In  this 
case,  the  additional  variant  power  must  be  generated  by  a natural 
oscillation  of  the  model  at  these  frequencies  since  it  is  not  passed  up 
the  chain.  This  can  be  verified  by  examining  Table  32  1n  the  data 
supplement.  A similar  situation  occurs  when  the  Input  frequencies  are 
0.01  and  0.01  cycles  per  unit  time  but  this  time  the  oscillation  is  set 
up  in  turnover  Cese  C.  Turnover  Case  D again  produces  end  uses  the 
most  power  at  another  resonance  peak  when  stimulated  by  frequency  0.001 
at  the  0,  level  [see  entry  5,  Table  58  (A)]  and  Figure  34(a). 

Table  58  (8)  and  Figure  34(b)  show  the  simulation  results  when 
the  second  input  frequency  interacts  at  component  O^.  The  behavior  of 
cases  shows  a low  pass  filter  pattern  In  these 
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simulation  runs.  However,  tne  resonance  patterns  described  for  Section 
A are  notreadllydiscernable  when  energy  enters  at  the  level. 

Figure  34{b)  shows  that  Case  A exploits  variant  power  most  successfully 
at  high  frequencies.  This  fact  is  due  to  the  best  matching  of  turnover 
with  input  frequency  at  both  energy  input  points  in  the  chain.  Case  8 
has  a path  simitar  to  Case  A only  its  maximum  variant  power  use  occurs 
at  a lower  frequency.  Cases  C and  C are  not  able  to  use  the  most 
variant  power  because  their  large  storage  at  Q.|  is  unable  to  pass  power 
up  the  chain  (see  data  supplement  Tables  29  and  32).  These  tables  show 
that  additional  resonant  variance  is  not  generated  by  turnover  Cases 
C and  D when  the  second  input  frequency  enters  at  Q^.  Case  C produced 
the  most  variant  power  at  input  frequencies  0.1  and  0.1  but  Case  A uses 
the  most  power  at  this  input.  When  the  input  frequencies  are  0.01  and 
0.01  Case  B produces  and  uses  more  power  primarily  due  to  the  larger 
generation  and  more  efficient  use  of  variant  power.  It  should  be  noted 
that  as  mentioned  noisy  and  high  frequency  inputs  are  treated  as  if 
they  were  constants  by  slow  turnover  time  units. 

Table  S8  (C)  and  Figure  34(c)  present  the  simulation  results 
when  the  second  input  frequency  enters  at  unit  0-.  Here  we  see  a 
distinct  difference  between  Case  0 and  the  other  three  turnover  arrange- 
ments. Case  0 produces  and  uses  more  power  than  the  other  three  cases, 
In  all  cases  the  power  produced  and  used  increases  to  a peak  at  fre- 
quency 0.01.  But  Case  0 shows  a steep  high  frequency  cutoff  and  a 
broad  band  of  increased  resonant  power  production  and  use  while  Cases 
A,  8,  and  C have  a much  flatter  slope  of  energy  use  in  the  frequency 


domain.  Tables  99  and  60  show  that  the  greater  power  production  by 
Case  D is  due  to  an  increase  in  the  mean  as  well  as  the  variant  power 
production  over  Cases  A through  C,  The  high  values  for  power  produced 
by  Cases  A,  8>  and  C for  input  frequencies  0.01  and  0.0]  are  also 
brought  about  by  increased  contributions  from  both  the  mean  and  variant 
power.  The  overall  pattern  erf  power  use  is  determined  by  the  variant 
power  use  for  all  four  turnover  arrangements.  Data  supplement  Tables 
21  to  32  show  that  all  turnover  cases  are  unstable  at  frequencies  less 
than  0.01  for  energy  inputs  at  the  0,  level.  The  high  power  values 
exhibited  by  Case  D are  mostly  the  result  of  a large  generation  of 
variant  power  by  the  model  which  is  produced  and  used  by  the  second 
component  unit.  In  addition  the  mean  power  Case  D produces  is  increased 
over  Cases  A through  C except  for  frequency  inputs  0.01  and  0.01  when 
the  mean  value  of  Cases  A through  C increases  while  the  value  of  Case 
D decreases  from  its  level  at  higher  frequency  inputs. 

The  Oj  input  position  on  the  model  with  Case  0 turnovers  pro- 
duced and  used  the  most  power  over  the  range  of  frequencies  from  10 
to  0.01  cycles.  For  low  frequency  inputs  energy  entering  Case  C or  D 
at  Q.|  gives  the  most  power  produced  and  used.  The  maximum  oower  pro- 
duction and  use  within  a mode!  configuration  depends  on  the  frequency 
input  as  well  as  the  turnover  structure  and  the  position  at  which  the 
second  input  enters  the  chain. 

Filter  Properties  Of  a Three  Positive 


The  power  produced  and  used  by  a three  unit  autocatalytic 


model  with  three  secondary  positive  feedbacks  is  given  in  Table  61. 
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One  variable  energy  source  supplies  the  base  of  the  chain  and  a second 
variable  energy  interacts  at  component  units  0^,  Q^.  or  O3  as  shown  in 
Figure  35.  The  results  are  shown  for  four  different  turnover  arrange- 
ments over  a six  decade  frequency  range.  Excess  energy  above  that 
required  for  a steady  state  balance  is  available  to  this  model  and  is 
equal  to  the  energy  carried  by  the  variable  portion  of  the  signal- 
Data  supplement  Table  33  shows  the  tero  positive  feedback  chain  with 
Case  A turnovers  simulated  with  the  same  excess  energy  given  to  the 
three  positive  feedback  model.  A comparison  between  this  table  and  Case 
A in  Table  61  shows  that  the  three  positive  feedback  model  produced  and 
used  much  more  pcwer  than  did  the  zero  positive  feedback  model.  However, 
the  three  positive  feedback  model  is  less  stable  than  is  the  zero  feed- 
back model  (compare  Tables  58  and  61).  The  increased  production  of  power 
by  the  three  feedback  model  is  due  primarily  to  the  increased  efficiency 
of  energy  capture  and  transfer  (see  data  supplement  Tables  34  to  43). 

Only  a third  of  the  stimulation  runs  were  stable  when  the 
second  energy  source  entered  at  unit  0,.  All  runs  for  turnover  Cases  C 
and  0 were  unstable.  Six  runs  of  eight  for  Case  B were  stable  and  five 
runs  of  eight  for  Case  A were  stable.  Case  B produced  slightly  more 
power  than  Case  A in  all  runs  except  input  frequencies  10  and  10.  Case 
A used  more  power  than  Case  B except  for  input  frequencies  0.1  and  0.1. 
Both  Case  A and  Case  B had  greater  power  production  and  use  when  the 
interacting  input  frequencies  were  matched  than  when  they  were  not. 

This  difference  Is  due  to  the  smaller  mean  power  produced  and  used  by 
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unmjtched  energy  inputs,  as  can  be  seen  fron  Tables  62  and  63  wbere 
the  power  is  partitioned  into  components  due  to  the  mean  and  variance, 
respectively.  The  low  pass  fitter  pattern  of  increasing  power  produc- 
tion and  use  with  decreasing  frequency  does  not  stand  out  upon  examin- 
ing Figure  36.  There  is  a notch  in  the  power  use  of  Case  A at  fre- 
quencies 0,1  and  0.1  and  a resonant  peak  at  frequencies  0.001  and  0.001 
for  both  Case  B and  Case  A.  Data  supplement  Tables  35  and  35  demon- 
strate that  these  patterns  are  largely  due  to  the  differential  manner 
in  which  variant  power  is  handled  by  the  two  turnover  cases  given 
different  input  frequencies,  When  the  second  energy  enters  at  Qj  most 
of  the  energy  use  takes  place  at  unit  0^  due  to  the  large  transfer  of 
power  through  the  chain  (data  supplement  Tables  34,  37). 

When  the  second  energy  is  input  at  component  about  one- 
third  of  the  simulation  runs  were  stable.  Only  one  run  with  turnover 
Case  A was  stable  at  frequencies  10.  0.1  and  three  runs  of  frequencies 
10,  10;  10.  1 ; and  1 , 1 were  stable  for  turnover  Cases  B,  C,  and  D. 

All  runs  for  Cases  B and  0 were  at  frequencies  too  high  to  be  utilized 
effectively  by  the  component  turnovers.  The  increased  energy  used  and 
produced  by  the  three  feedback  model  in  Table  61  (B)  is  primarily  due 
to  the  increased  efficiency  of  mean  power  capture  and  transfer  over 
its  zero  feedback  counterpart. 

Almost  60t  of  the  simulation  runs  for  the  tnree  positive  feed- 
back chain  were  stable  when  the  second  input  entered  at  component  Qj. 
Turnover  Case  A had  six  stable  runs.  Cases  B and  C each  had  five  stable 
runs,  and  Case  D had  three  stable  runs.  Case  A usually  produced  and 
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Figure  36. 


A Bode-llke  plot  of  the  frequency  response  of  a three 
unit  chain  model  Mith  three  secondary  positive  feedbacks 
for  tNO  turnover  arrangements  udien  two  variable  energy 
sources  interact  at  the  chain  base. 


Case  A turnover  Q.|  * 10,  (J^  * 1.0,  ■ 0.1  

Case  B turnover  O')  = 1.0.  Oj  = 1-0.  O3  = 1-0 
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used  cnore  power  then  the  other  turnover  arrangements.  However,  Case  C 
proiluced  the  most  power  for  Input  frequencies  i,  i and  Case  D both 
produced  and  used  the  most  power  for  Input  frequencies  10,  10  and 
10,  0.1  which  carried  variation  that  was  essentially  undetectable  by 
the  turnovers  tested.  The  values  for  power  produced  and  used  in  Table 
61  (C)  are  about  the  same  for  all  turnover  cases. 

The  small  advantage  in  power  use  attained  by  Case  A is  seen 
from  Tables  62  (A)  and  63  (A)  to  be  due  to  its  more  efficient  use  of 
variant  power.  The  use  of  variant  power  by  all  turnover  cases  has  a low 
pass  filter  pattern  when  the  second  energy  enters  at  Oj.  The  greater 
power  generated  by  the  model  runs  in  Table  61  (C)  over  Table  58  (C)  is 
due  to  the  greater  efficiency  of  mean  power  transfer  and  capture  in  the 
three  feedback  model . 

If  we  cong)are  total  power  production  and  use  by  the  three 
feedback  model  when  the  second  energy  interacts  at  each  of  the  three 
component  levels  we  find  that  the  0^  level  produces  and  uses  the  most 
power  in  almost  all  cases.  The  exceptions  occur  for  unmatched  frequency 
inputs  at  the  0^  level.  In  these  instances  the  system  used  more  power 
if  the  second  energy  entered  at  the  0,  component  for  the  frequencies 
tested  here.  However,  in  one  of  these  situations  when  input  frequen- 
cies were  10  and  0.01.  the  model  was  not  stable  with  an  input  at  the 
component,  Input  frequencies  0.01  and  0.01  and  greater  caused  the 
model  with  input  at  Tu  he  unstable  for  all  turnover  cases  tested 
(see  Table  61).  Therefore,  low  frequency  inputs  at  the  0.,  level  are 
best  for  this 
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A Hestea  Chafn  Hoael 

The  chain  ncdei  shown  in  Figure  33  with  turnovers  0^  • 10, 

Qj  ° 1 , Oj  > 0.1  was  rewritten  to  incoroorate  a nested  structure  in  the 
model  program  given  in  Appendix  A.  The  results  of  simulating  this 
nested  chain  model  over  a range  of  frequencies  for  three  different 
positions  of  the  second  energy  input  are  given  in  Table  54.  The  results 
of  the  nested  configuration  were  veny  close  to  the  results  shown  in 
data  supplement  Table  21  for  the  unnested  version  of  the  same  model. 

Some  Filter  Properties  of  Web  Models 
Four  possible  configurations  of  a three  unit  web  model  are 
given  in  Figure  37.  The  model  in  Figure  37(a)  shows  a web  with  compe- 
tition between  parallel  units  and  hierarchy,  figure  37(b)  represents 
a case  where  there  is  both  competition  and  cooperation  between  parallel 
units  in  the  web.  The  structure  given  in  Figure  37(c)  has  competition 
between  parallel  units  and  secondary  positive  feedbacks  between  levels 
in  the  hierarchy.  Figure  37(d)  includes  all  the  aspects  of  the  other 
three  cases  so  that  competition,  cooperation,  and  hierarchical  positive 
feedbacks  are  combined  in  a single  highly  connected  web. 

Webs  with  the  Same  Turnover  for  Parallel  Units 

Table  65  gives  the  results  of  simulating  the  web  configura- 
tions in  Figure  37  over  a five  decade  range  of  frequency  when  the  two 
parallel  units  have  the  same  turnover.  The  third  unit  in  each  case 
has  a turnover  ten  times  lower  than  the  parallel  units, 

The  power  produced  and  used  by  these  webs  with  parallel  unit 
turnovers  equal  has  a low  pass  filter  pattern  as  a function  of  the 


Ffgure  37. 


A three  unit  web  of  autocatalytic  components,  (i)  Compe- 
tition between  Qi  end  (b)  comoeti ti on  and  cooperation 
between  and  Q^i  (c)  cmpetition  between  Qi  and  Oo  with 
feedbacks  from  031  (d)  competition  end  cooperation  between 
O3  and  Q2  with  feedbacks  from  Q3, 
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Input  frequency.  Thfs  pattern  is  produced  by  the  increasing 
efficiency  of  variant  power  production  at  lower  frequencies.  The  web 
model  with  cooperative  and  competitive  pathways  produces  more  power 
than  the  model  with  competitive  pathways  only.  However,  this  model 
does  not  capture  as  much  power  at  any  frequency  as  the  model  with  com- 
petition only  and  it  dissipates  more  power  through  its  storages  only 
at  input  frequency  0.1.  More  variant  power  is  produced  and  used  by  the 
web  with  cooperative  pathways  for  all  input  frequencies,  but  less  of 
the  availeble  variant  pcwer  Is  captured  at  frequencies  0.01  and  higher. 
The  cooperative  web  produces  more  mean  power  at  the  higher  input  fre- 
quencies and  uses  less  mean  power  at  lower  input  frequencies  than  did 
the  web  with  competition  only.  The  mean  power  captured  by  the  coopera- 
tive web  was  less  than  or  equal  to  that  captured  by  a web  with  compe- 
tition only  for  all  cases  examined. 

When  secondary  positive  feedbacks  are  added  to  the  three  unit 
web  as  shown  in  Figure  37{c),  the  power  produced,  used,  and  captured  is 
greater  than  for  the  models  with  competition  and  or  cooperation.  Tables 
67  and  67  show  that  this  result  is  brought  about  by  secondary  positive 
veedback  stimulating  greater  mean  flows  of  power  production,  use,  and 
capture.  The  web  with  feedback  does  not  handle  variant  power  produc- 
tion and  use  as  well  as  the  cooperative  or  the  competitive  webs.  The 
web  with  secondary  positive  feedbacks  goes  to  zero  at  input  frequencies 
0.001  or  below. 

The  web  given  in  Figure  37(d)  has  competition  cooperation  and 
positive  feedback  but  it  went  to  zero  within  1,000  time  units  at  all 
frequencies  tested  except  10  and  1.0  cycles  per  unit  time.  At  input 
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frequency  1.0  cycles  per  unit  tien  values  for  power  production  use  and 
capture  were  greater  than  Chose  shown  by  webs  in  Figure  37(a)  and  (C) 
but  not  as  great  as  those  given  by  the  web  with  positive  feedback  only, 

Webs  with  Different  Turnovers  on  Parallel  Units 

Table  60  presents  the  results  for  simulation  runs  given  that 
the  two  parallel  units  shown  in  Figure  37  have  turnovers  of  10  and  0.1 
and  the  third  unit  in  series  has  a turnover  of  0.01.  Table  6B  (A)  shows 
that  competition  between  two  such  widely  separated  turnovers  usually 
leads  to  the  denrise  of  one  unit  and  Che  success  of  Che  other.  The  unit 
with  the  slower  turnover  is  generally  able  to  outccRipete  the  unit  with 
the  fast  turnover.  Only  at  input  frequencies  0.001  and  the  super- 
position of  input  frequencies  1 and  0.01  is  Qj  with  turnover  10  able  to 
maintain  a higher  power  than  Oj  with  turnover  0.1.  Unit  O3  uses  more 
power  than  it  produces  at  these  frequencies,  eventually  resulting  in 
the  loss  of  hierarchy.  The  values  of  power  used  by  Qj  and  Q.  approach 
closely  Chose  of  pcaver  produced.  Power  captured  is  a maximum  for  these 
input  frequencies.  The  other  input  frequencies  give  an  unstable  mode! 
which  passes  through  a transient  phase  of  high  power  use  and  production 
culminating  in  the  loss  of  unit  and  the  establishment  of  a two  unit 
chain.  Large  and  variable  values  of  variant  power  with  frequency 
cnanges  may  indicate  resonance  in  the  model. 

The  addition  of  cooperative  pathways  stabilizes  the  three  unit 
web  model  so  that  the  two  parallel  units  with  different  turnovers  are 
unable  to  eliminate  one  another.  The  values  of  power  produced  only 
exceed  those  in  the  ccmpetition  web  where  hierarchy  is  lost.  The 


ccmpetUion  web  u$es  more  power  at  all  input  frequencies.  Power  cap- 
tured Is  usually  greater  for  a web  with  cooperation.  Competition  only 
captures  more  power  when  its  fast  turnover  is  dcminant.  Variant  power 
produced  and  used  shows  a low  pass  filter  pattern  for  the  cooperative 
web  but  not  for  the  competition  web. 

A ccniparisor  between  the  cooperation  webs  with  widely  separated 
and  closely  spaced  turnovers  shows  that  in  general  cooperation  between 
closely  spaced  units  is  able  to  produce  and  use  more  power,  but  they 
capture  less  power  than  more  widely  separated  units  at  high  input  fre- 
quencies. 

Filter  Properties  of  an  Evaluated 

An  evaluated  model  of  possible  competition  between  invading 
Soarlina  townsendii  and  the  indigenous  Juncus-Leotocarpus  association 
of  the  Kaituna  River  salt  marsh.  Havelock,  N.Z.,  is  given  in  Figure  38. 
Further  details  of  the  model's  development  are  given  in  Appendii  8. 
Figure  39  shows  that  Spartina  wins  this  competition  quickly  for 
periodic,  noisy,  and  constant  solar  inputs.  Leptocarpus  has  a turnover 
of  3.1  per  year  and  is  excluded  within  two  years.  Juncus  with  a turn- 
over of  4.4  per  year  survives  in  competition  with  Spartina  of  turnover 
6.0  per  year  for  five  years. 

Figure  40  shows  a similar  competition  when  two  input  signals 
are  modulated  as  shown  by  the  dotted  lines  in  Figure  38.  Simulation 
results  are  similar  to  those  given  for  a single  input  frequency  but 
both  Juncus  and  Leptocarpus  survive  for  a shorter  period  of  time  when 


A mdel  of  competition  between  three  ntarsh  grasses  at 

the  model  are  based  on  data  from  January  and  February  19B2 
and  estimates  from  gas  metabolism  measurement  of  Soartlna 
and  Juncus  at  Crystal  River,  Florida.  All  pathway  flows  are 
in  the  units  of  the  appropriate  source  or  storage,  turnover 
(T)  for  each  storage  Is  given. 
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differences  can  be  amplified  end  diminished  when  modulated  so  that  the 
observed  signal  seems  constant  some  time  and  random  at  other  times. 
Figure  40(d)  demonstrates  the  Importance  of  the  phase  of  modulated 
signals  In  producing  the  observed  pattern  of  variation. 

A macroscopic  minimodel  of  the  taituna  River  salt  marsh  at 
Havelock,  N.Z.,  Is  given  1n  Figure  41.  A full  description  of  the 
development  of  this  model  is  given  in  Appendix  C.  The  model  consists 
of  a component  representing  Spartina  as  well  as  components  for  labile 
or  fast  turnover  nitrogen  and  for  refractory  or  slow  turnover  nitrogen. 
These  components  are  driven  by  three  forcing  functions,  sun,  tide,  and 
river  flow. 

Behavior  of  the  Raltuna  Salt  Marsh  Hinimodel 

This  model  provides  a framework  for  observing  the  differences 
between  superposed  and  modulated  inputs  to  a sluple  ecosystem  minimodel. 
Variable  signals  from  the  river  and  tide  are  seen  to  be  superposed  In 
the  labile  N signal  whereas  solar  and  tidal  inputs  are  modulated  In 
the  labile  N signal,  Figure  42(a)  shows  no  variation  of  the  frepuency 
component  due  to  tidal  amplitude  with  variation  In  the  amplitude  of  the 
river.  Figure  42(b),  on  the  other  hand,  shows  the  amplitude  modulation 
of  Che  tidal  Input  frequency  with  solar  Input  frequency. 

The  frequency  response  of  the  Kaltuna  marsh  minlmodel  viewed 
as  a wave  filter  is  given  in 


Figures  43-45.  Figure  43  giv 
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gure  49.  The  phase  of  a hypothetical  recycle  aiP  [botted  pathway  at 
source  in  Figure  41)  changes  the  filter  properties  of  the 
labile  N component,  (a)  Solar  input  1 cycle  per  year, 
tide  26  cycles  per  year,  river  1 cycle  per  year,  recycle 
aid  1 cycle  per  year  and  in  phase  with  the  solar  input; 

{b)  solar  input  1 cycle  per  year,  tide  26  cycles  per  year 
river  1 cycle  per  year,  recycle  aid  I cycle  per  year,  90' 
lag  behind  solar  input. 
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response  of  each  one  of  the  system  components  to  variations  in  the 
solar  input  frequency  when  ti0a1  and  river  input  frequencies  are  held 
at  26  and  1 cycles  per  year,  respectively.  Each  component  of  this 
system  acts  like  a low  pass  filter.  This  result  may  be  seen  by  compar- 
ing Figure  43(a),  (b).  and  (cl  and  noting  that  the  labile  nitrogen 
component  transmits  all  three  solar  signal  frequencies  tested,  Soar- 
tina  transmits  only  the  two  lower  frequency  solar  signals  whereas  sedi- 
ment nitrogen  absorbs  and  thereby  passes  on  only  the  lowest  solar  input 
frequency.  In  addition  Figure  43(c)  shows  that  the  manner  In  which  the 
forcing  functions  and  components  interact  helps  to  determine  the  fre- 
quency transmission.  Note  that  Spartina  shows  no  annual  cycle  due  to 
river  Input  because  it  is  insulated  from  direct  effects  of  this  forcing 
function,  but  sediment  nitrogen  which  has  a slower  turnover  absorbs 
seme  energy  at  river  input  frequency  1 cycle  per  year  since  this  input 
interacts  directly  with  its  storage  (see  Figure  41). 

The  frequency  response  of  this  marsh  minimodel  to  variations  in 
the  tidal  input  frequency  is  given  in  Figure  44(a),  (b),  and  (c).  Nhen 
the  tide  is  semidiurnal  very  little  of  its  variation  Is  absorbed  by  the 
labile  N coiiponent.  However,  for  frequencies  of  1 and  0.1  cycles  per 
year  this  component  absorbs  some  of  the  tidal  variability.  This  fact 
is  seen  in  Figure  44(b)  where  the  annual  peaks  of  labile  nitrogen  are 
skewed  and  in  Figure  44(c)  as  amplitude  modulation  of  the  solar  and 
tidal  inputs  in  the  labile  N storage.  Tidal  input  frequency  has  little 
effect  upon  the  signals  passed  by  the  Spartina  and  sediment  N components. 
Figure  44(d)  shows  that  labile  N and 
frequency  river  Input  signal  but  Spar 


sediment  nitrogen  absorb  a low 
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Figure  A5  defiionstrates  the  importance  of  a signal 'a  phase  to 
the  aOsorption  and  transmission  of  variability.  The  model  in  Figure  41 
is  modified  so  that  the  dotted  recycle  aid  is  functioning.  Figure  45(a) 
and  (b)  contrast  the  signal  transmission  characteristics  of  the  system 
when  the  frequency  of  recycle  aid  is  in  phase  with  input  and  when  It  is 
99°  out  of  phase  with  the  solar  input. 

Power  on  Model  Pathways 

Table  71  gives  the  power  on  some  of  the  pathways  or  pathway 
sunmattons  in  Figure  41.  Figure  46  shows  this  information  in  graphic 
form.  Figure  46(a)  and  (b)  show  that  the  pattern  of  power  captured  and 
produced  as  a function  of  variability  in  the  input  signals  is  quite 
similar.  Power  captured  and  produced  have  a minimum  at  intermediate 
frequencies  of  solar  input  and  increase  sharply  as  the  input  frequency 
is  increased  or  decreased.  The  power  captured  and  produced  have  a 
maximum  at  tidal  input  frequency  1 cycle  per  year.  River  input  fre- 
quency variation  causes  small  variation  in  power  capture  and  produc- 
tion; tidal  frequency  variation  brings  about  slightly  larger  variation; 
and  solar  input  frequency  changes  cause  the  greatest  variability  in 
these  parameters.  The  total  power  ciruclating  in  the  model  as  a func- 
tion of  frequency  is  given  in  Figure  46(c).  Changes  in  solar  input 
frequency  caused  the  greatest  variation  in  the  power  circulating, 

Figure  46(d)  gives  the  power  exported  as  a function  of  variation  in  the 
input  frequencies.  The  pattern  of  power  exported  as  a function  of  solar 
input  frequency  has  dual  maxima  at  0.1  cycles  per  year  and  10  cycles  per 
year  and  falls  off  sharply  at  high  and  low  frequency.  Variation  in  the 
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The  total  power  on  several  pathways  or  the  sunmation  of 
pathways  1n  the  Kaituna  Marsh  nlninodel  (Figure  41)  as  a 
function  of  input  frequencies.  The  input  and  output 
parameters  are  defined  in  Appendix  C 


frepuencies 
Sun,  Tide, 


Total  Power  of  Pathways 


10,000,  26,  1 
1,000,  26,  1 
100,  26,  1 
10,  26,  1 
1,  26.  1 
0.1,  25,  1 
0.01,  26,  1 


3,498 

3,487 

3,424 

3,395 


2.752 

2.752 

2.703 


0.903 

O.S99 

0.888 


6.43 

6.43 


2.716  0.973 

2.743  0.974 


5.84 

5.83 


6.18 

6.12 

6.23 


6.19 


6.12 

6.10 
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tidal  Input  frequency  gives  little  change  in  tne  power  exported,  how- 


ever, as  the  river  input  frequency  decreases  Pelow  1 cycle  per  year 
the  power  exported  rises  sharply. 


Sa^t  Harsh  Hiniawdel 


Table  It  displays  ratios  of  variable  power  for  several  system 
and  component  parameters  of  the  salt  marsh  mininodel  shown  in  Figure 
41.  The  ratios  were  calculated  from  Tables  C-3.  C-4,  and  C-5  in 
Appendix  C according  to  the  formulas  provided  there.  Figures  47-49 
present  the  frequency  response  of  the  salt  marsh  minimodel  for  the 
various  input-output  parameters  given  in  Table  72. 

Figure  47  shows  the  filter  characteristics  of  the  salt  marsh 
minimodel  at  the  system  level.  The  total  variable  power  circulating 
through  pathways  in  the  model  is  between  one  and  two  times  the  variant 
power  input  and  has  a 'minimum  at  10  cycles  per  year,  increasing  to  a 
maximum  at  0.01  cycle  per  year,  the  slowest  frequency  investigated. 

The  variant  power  exported  has  a maximum  1.75  times  greater  than  the 
imported  variant  power  at  input  frequency  10  cycles  per  year.  The 
variant  pwer  used  to  maintain  Spartina  storage  in  this  model  has  a 
low  pass  filter  pattern  [see  Figure  47{c)].  Figure  48  gives  the  filter 
patterns  for  components  in  the  salt  marsh  minimodel.  Both  Spartina  and 
sediment  H are  low  pass  filters,  but  labile  N acts  like  a notch  filter 
wtih  a minimum  at  10  cycles  per  year.  Figure  47(e)  shows  a similar 
notch  pattern  and  minimum  for  the  ratio  of  variant  power  captured  to 
variant  power  available.  Figuare  49  shows  that  variation  in  solar  input 
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LOG  SOLAR  INPUT  FREQUENCY 

Figure  47.  A Bofle-like  plot  of  the  frequency  response  of  system  func- 
tions in  a salt  marsh  mininoael.  Figure  41,  (a)  Ratio  of 

variant  power  circulating  to  variant  power  input  { -): 

(6)  ratio  of  variant  power  exported  to  variant  power 
iroorted  ( );  (c)  ratio  of  variant  power  used  by  stor- 
ages to  variant  power  produced  { );  (d)  ratio  of 

variant  power  leaving  the  system  to  variant  power  input 

1- );  (e)  ratio  of  variant  power  captured  to  variant 

power  available  { )- 


LOG  SOLAR  INPUT  FREQUENCY 

Figure  48.  A Bo8e-TUe  plot  of  the  frequency  response  of  the  three 
system  components  in  the  salt  marsh  mlnimodel , Figure  41. 
(e)  Sediment  N;  (b)  Spartina;  (c)  labile  ft.  The  solar 
input  frequency  is  variable  while  river  and  tide  are  held 
constant. 
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LOG  FREQUENCY 


Figure  49.  A Bode-like  plot  of  the  frequency  response  of  iiariant  power 
exported,  variant  power  used,  and  their  average  as  a func- 
tion of  input  frequency,  (a)  Solar;  (p)  river;  and 
(c)  tidal  input. 
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causes  greater  changes  In  variant  power  used  and  exported  than  do 
changes  either  river  or  tidal  input.  Table  73  demonstrates  that 
while  the  variant  power  accounts  for  less  than  10*  of  the  total  power 
It  Is  responsible  for  a much  larger  fraction  of  the  change  In  power 
brought  about  by  a change  in  the  solar  Input  frequency. 

Fnter^ro^ertles^  of^a^n  Evaluated 

A salt  marsh  trophic  chain  model  and  several  variations  are 
given  in  Figure  50(a),  (b),  and  (c).  The  chain  consists  of  Spartina. 
a very  slw  turnover  component,  bacteria,  a very  fast  turnover  com- 
ponent, and  Potamopvrqus.  aslow  turnover  component-  In  addition  the 
model  contains  a fast  storage  and  medium  turnover  storage  that  buffer 
interactions  between  the  autocatalytic  components.  This  model  Is 
developed  In  detail  in  Appendix  0.  The  model  is  driven  by  four 
forcing  functions,  sunlight,  temperature,  river  DOC.  and  predator  har- 


tehavlor  of  the  Salt  Harsh 

The  salt  marsh  trophic  chain  model's  behavior  is  dependent  on 
the  input  frequency  that  is  variable.  These  differences  are  brought 
about  in  part  by  the  manner  In  which  the  inputs  Interact  to  drive  the 
model.  Figure  51  shows  one  type  of  response  to  solar  input  frequency 
variation.  The  solar  input  frequency  must  be  1 cycle  per  year  or  slower 
in  order  for  the  model  to  absorb  its  variant  energy.  Figure  51(d) 
shows  the  modulation  of  fast  frequencies  of  1 cycle  per  year  for  the 
t«nperature  and  river  with  a slow  solar  frequency  of  0.1  cycle  per  year. 
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An  entirely  different  node  of  betiavior  is  seen  in  Figure  52 
wHen  the  frequency  of  the  temperature  driving  function  is  varied. 
Temperature  variation  at  high  frequencies  (1.0D0  cycles  per  year)  gives 
a typical  low  pass  response  and  thus  energy  aOsorption  occurs  only  by 
very  fast  turnover  bacteria  (12  times  per  day).  When  the  temperature 
input  frequency  is  lowered  to  365  cycles  per  year  a strong  resonance 
pattern  is  sat  up  In  the  bacteria  and  DOC  (turnover  four  times  per  day) 
storages.  A temperature  frequency  variation  of  100  cycles  per  year  is 
still  within  the  resonance  zone,  however,  when  the  input  decreases  to 
ID  cycles  per  year,  Figure  52(0)  shows  that  resonance  no  longer  occurs. 
Amplitude  modulation  again  shows  up  clearly  in  the  pattern  of  variation 
seen  in  Figure  52(f)  where  a temperature  cycle  of  0.01  per  year  inter- 
acts with  solar  and  river  cycles  of  1 per  year. 

Figure  50(a)  showed  that  the  temperature  interaction  is  of  a 
push-pull  type  and  Figure  52  demonstrated  the  resonant  behavior  brought 
about  by  variation  in  temperature  input  frequency.  Figure  S3  further 
demonstrates  the  significance  of  push-pull  kinetics  to  resonance 
behavior  in  this  model.  Figure  53(a)  shows  that  predator  harvest 
alone  does  not  generate  resonance  in  the  trophic  chain  model.  However, 
when  predator  harvest  has  positive  as  well  as  negative  feedback  dynamics 
a strong  resonance  is  set  up  at  sensitive  frequencies  as  shown  by 
Figure  53(b). 

Filter  Properties  of  the  Salt 

The  trophic  chain  model  may  be  viewed  as  a filter  by  using 
different  output-input  ratios,  which  provide  several  perspectives  on 
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Figure  S3. 


Comparison  of  simulation  runs  of  the  trophic  chain  salt 
marsh  model  with  predator  harvest  to  those  with  push-pull 
predator  harvest.  Solar  input  frequency  = 1 cycle  per 
year.  Temperature  = 1 cycle  per  year,  river  • 1 cycle  per 
year,  and  (al  predation  is  harvest  only  and  varies  363 
cycles  per  year;  (0]  predation  stimulates  production  as  it 
takes  a harvest  and  varies  363  cycles  per  year. 
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the  model's  behavior.  Figure  54  shows  the  filter  characteristic  for 
several  Input  freguency  variables  when  the  total  variant  power  circu- 
lating through  the  model  Is  taken  as  the  output  parameter  and  the 
variant  power  entering  the  model  Is  the  input  parameter.  Solar  input 
frequency  variation  shows  a low  pass  filter  response  as  discussed  above 
and  variation  of  the  temperature  input  leads  to  a band  of  Increased 
energy  circulating  due  to  resonance.  Predator  harvest  alone  gives  the 
low  pass  pattern  but  if  predator  harvest  Is  combined  with  positive 
feedback  two  strong  resonance  bands  occur  from  10^  to  10^  cycles  per 
year  and  0.1  cycle  per  year.  The  predator  push-pull  function  brings 
about  the  greatest  amount  of  circulating  variant  power  at  all  but  the 
lowest  freouency.  River  DOC  frequency  variation  gives  a notched  pattern 
for  variant  power  circulating  in  the  model, 

Figure  54(a)  shows  variant  power  and  tells  only  half  the 
story  of  power  in  the  chain  model.  The  other  half  is  provided  by  also 
cohsiderfng  the  changes  in  mean  power  with  frequency  variation.  Figure 
54(b)  gives  the  total  power  ciruclating  through  the  trophic  chain  model 
for  the  input  frequency  variables  given  in  54(a).  From  Figure  54(b) 
we  can  see  that  the  greatest  power  circulating  occurs  for  solar  input 
frequency  about  0.1  cycle  per  year.  At  input  freouency  1 cycle  per  year 
the  model  with  predator  harvest  variation  yields  the  greatest  amount  of 
power  circulating.  For  higher  frequencies  from  100  to  365  cycles  per 
year,  resonances  set  up  by  the  push-pull  interactions  give  the  most 
circulating  power.  The  strong  rise  in  circulating  variant  power  seen 
at  lowest  frequency  in  Figure  54(a)  and  the  precipitous  fall  in  total 
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circulating  power  Iti  Figure  54(b)  reflect  the  instability  of  this  model 
at  very  low  freouency  when  variables  tended  to  go  to  zero.  Further 
ihfonnaticn  on  the  values  used  to  evaluate  filter  characteristics  of 
the  trophic  chain  model  may  be  found  in  Tables  D-4  and  D-5  in  Agpendix  0. 

Figure  55  shows  the  manner  in  which  the  trophic  chain  model 
handles  variable  pcuer  production  and  use.  Solar  input  gives  a low  pass 
response  to  freguency  variation  for  both  variant  power  production  and 
use.  Temperatune  shows  a strong  resonance  band  at  frequencies  100  and 
365  cycles  per  year,  while  river  OOC  variation  gives  a weak  resonance 
band  at  the  same  frequencies.  When  all  inputs  have  an  annual  cycle 
predator  harvest  brings  about  more  variant  power  use  and  equal  variant 
power  production  when  conpared  to  the  other  cases  with  constant  preda- 
tion. Further  information  on  production  and  use  of  power  by  the  trophic 
chain  model  may  be  found  in  Tables  0-6  through  D-9  in  Appendix  D. 

The  trophic  chain  model  may  be  examined  fron  the  perspective  of 
the  totai  energy  captured  by  the  system  as  seen  in  Figure  56.  The 
pcwer  remaining  is  the  complement  of  the  power  captured.  Thus,  Figure 
56(a)  shows  that  the  trophic  chain  captures  the  most  variant  power  when 
solar  input  frequency  is  1 cycle  per  year  or  less  with  a peak  capture 
around  0.1  cycle  per  year  corresponding  to  the  minimum  of  variant  power 
remaining  to  be  used  in  Figure  56(a).  The  resonance  band  at  100-365 
cycles  per  year  due  to  variation  in  the  temperature  input  is  observed 
to  leave  the  maximum  variant  power  unused.  The  power  remaining  shows 
a similar  pattern  to  that  of  the  variant  power  remaining  [see  Figure 


56(b)], 


LOG  FREQUENCY 

Figure  55.  Filter  cdaracteristics  of  the  trophic  chain  marsh  model 
when  the  ratios  evaluated  are  variant  power  produced  and 
variant  power  used  to  variant  power  input.  (1}  Frequency 
of  solar  input  varies;  (2)  temperature  input  frequency 
varies;  (3)  river  input  frequency  varies;  (4)  frequency  of 
predator  harvest  varies. 
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Figure  S7  conpares  the  two  versions  of  the  trophic  chain 
inodel  given  in  Figure  50(a)  and  (c)  to  demonstrate  how  the  lack  of 
secondary  positive  feedPacks  alters  variant  power  circulation  and  cap- 
ture. The  energy  captured  by  the  chain  is  unaffected  by  variation  of 
the  temperature  input  frequency  if  there  are  not  secondary  positive 
feedbacks.  The  model  with  secondarypositive  feedbacks  is  able  to  cap- 
ture more  energy  at  its  non-resonant  frequencies  than  does  its  zero 
feedback  counterpart.  Resonance  markedly  reduces  the  amount  of 
variant  power  captured.  The  variant  power  circulating  in  the  model  is 
slightly  greater  when  there  are  no  secondary  positive  feedbacks.  This 
condition  is  reversed  whan  we  consider  the  power  circulating  through 
the  model  [see  Figure  57(b)].  Here  secondary  positive  feedbacks  cause 
more  power  to  circulate  and  account  for  more  power  capture  except  at 
resonant  frequencies, 

Figure  5S  ccmpares  the  trophic  chain  filter  characteristics 
when  predator  harvest  has  only  negative  effects  on  the  prey  and  when 
predator  harvest  has  both  positive  and  negative  effects.  Figure  58(a) 
gives  the  frequency  response  of  both  versions  of  the  model  to  variation 
in  the  frequency  of  predator  harvest.  The  variant  power  remaining  is 
always  less  for  the  case  when  predators  are  negative  feedback  only. 
However,  the  variant  power  circulating  is  greater  when  predator  harvest 
augments  as  well  as  mitigates  prey  storage.  Figure  58(b)  shows  the 
power  circulating  and  remaining  for  the  two  cases  examined.  Results 
seen  for  total  power  are  similar  to  those  observed  for  variant  power 
alone.  Resonance  usually  brings  about  more  power  circulation  but  less 
power  capture  ttian  does  the  non-resonance  case. 
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Figure  59  shows  how  each  one  of  the  trophic  chain  model's 
ccnponents  behave  when  subiected  to  frequency  variations  in  solar, 
temperature,  or  river  MC.  Bacteria  and  Potanopyrous  are  relatively 
unaffected  by  variations  in  the  frequency  of  solar  input,  Sparti na 
gives  a low  pass  filter  pattern  with  variation  of  the  solar  input 
frequency.  Figure  59(b)  examines  the  ratios  of  variant  power  of  a 
component  to  that  which  enters  the  component  as  a function  of  change 
in  the  frequency  of  temperature  input.  Here  all  components  are  rela- 
tively unaffected  at  the  low  frequency  end  of  the  spectrum  of  input 
frequencies.  However,  at  the  higher  frequencies  Spartina  and  Potamo- 
pvrqus  have  a notch  response  whereas  DOC  gives  a band  response.  Sedi- 
ment C is  unaffected  over  the  range  of  frequencies  tested.  Bacteria 
shows  a slow  decline  at  high  and  low  frequency.  Variant  power  into  a 
component  can  be  a variable  itself  whereas  variant  power  into  the 
system  was  held  constant.  Thus,  the  declining  ratio  of  variant  power 
output  to  variant  power  input  for  bacteria  does  not  necessarily  mean 
that  there  is  less  total  variant  power  through  the  bacteria  Storage- 
Figure  59(c)  gives  the  frequency  filter  response  of  the  five  system 
components  to  variation  in  the  frequency  of  river  input  of  DOC.  Sedi- 
ment C and  Spartina  are  relatively  unaffected  at  all  frequencies. 
Potamopvrqus  is  a notch  filter  with  minimum  power  transfer  at  100 
cycles  per  year.  Bacteria  declines  to  a minimum  at  lOQ  cycles  per  year 


then  falls  precipitously  at  high  frequencies. 
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DISCUSSION 


Tlie  1 ,005  simulations  of  frequency  filtration  of  ecosystem 
designs  for  varying  Inputs  given  In  the  results  allow  several  Infer- 
ences to  be  made  about  bow  ecosystems  adapt  and  process  energy.  System 
designs  of  theoretical  nlnlnodels  and  evaluated  salt  marsh  models  were 
examined  and  shown  to  be  In  part  determined  by  external  natcHIng  of 
input  frequencies  with  both  system  turnovers  and  resonant  frequencies. 
Matching  of  a receiving  component's  turnover  with  the  energy  input 
frequencies  available  to  a system  can  be  responsible  for  success  or 
failure  In  a conoptition  for  power.  Aquatic  and  terrestrial  food  chains 
and  the  paradox  of  the  plankton  were  used  as  examples  of  problems  in 
ecosystem  filter  design  which  adaptation  to  frequency  inputs  may  solve. 
The  self-organization  of  a new  ecosystem  around  invading  Spartina 
townsendll  sensu  lato  at  Havelock,  New  Zealand,  was  documented  and 


Input  Frequency  Spectra  and  System  Deslon 
Hutchinson  (1953)  states  that  because  the  factors  which  deter- 
mine the  structure  of  any  isolated  part  of  the  universe  are  not  inme- 
dlately  apparent,  the  predictability  or  the  extraordinariness  of  a 
natural  phenomenon  Is  difficult  to  determine.  If  we  are  able  to 
establish  relationships  between  the  structure  present  at  a location  or 
In  a time  and  faotors  which  contribute  to  producing  the  structure  we 
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have  begun  to  answer  Hutchinson's  question,  Odum  et  al.  (1977)  sug- 
gested that  one  could  predict  the  structure  of  an  ecosystem  by  relating 
its  input  energies  to  the  observed  system  structure.  This  study  exam- 
ined the  significance  of  the  frequency  of  input  energies  in  determining 
the  structural  characteristics  of  a system. 

There  are  three  aspects  of  system  design  examined  in  this 
study  that  determine  what  system  structure  will  develop  in  order  to 
satisfy  criteria  imposed  upon  non-equilibrium  structures  by  the  laws  of 
thermodynamics  and  the  maximum  power  principle.  The  aspects  of  system 
design  are  (1)  the  configuration  of  system  components,  (2)  the  interac- 
tions and  connectance  of  these  components,  and  (3)  the  turnover  of  each 
component.  The  component  turnovers  can  be  directly  influenced  by  the 
spectrum  of  forcing  frequencies  because  in  order  to  capture  and  use 
more  energy  in  an  input  variation  the  turnover  of  an  energy  receiving 
component  can  be  adjusted  so  that  it  is  fast  enough  to  capture  avail- 
able variant  power.  This  is  true  because  system  component  storages  are 
low  pass  filters  which  have  a high  frequency  cutoff  that  determines 
which  variations  of  the  input  energy  ere  absorbed.  One  reason  that  the 
ecosystem  has  the  capacity  to  self-design  1s  that  living  entities  can 
grow,  evolve,  or  substitute  species  to  alter  their  characteristic 
turnovers  to  match  changing  input  spectra. 

Table  74  shows  that  turnover  arrangements  which  produce  and  use 
the  most  power  usually  have  an  energy  receiving  unit  that  matches  the 
fastest  input  frequency  available  for  use.  A comparison  of  input  fre- 
quencies in  column  three  with  the  turnover  of  the  receiving  units  in 
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columns  seven  and  eight  shows  that  often  the  receiving  unit  turnover 
that  oroduces  or  uses  the  most  power  1s  matched  with  the  input  fre- 
quency, Matching  occurs  when  the  receiving  turnover  Is  equal  to  the 
input  frequency.  Frequency-turnover  matching  nay  be  overshadowed  by 
resonance  when  input  frequencies  match  natural  frequencies  of  the  sys- 
tem (see  Table  7a).  When  more  than  one  energy  source  is  present  the 
turnover  arrangement  that  produces  the  most  power  depends  on  the  amount 
of  energy  available  at  each  input  as  well  as  the  matching  between  input 
frequencies  and  receiving  component  turnovers. 

System  Boundaries  and  the  Frequency  Domain 

Frequency  response  analysis  was  used  to  establish  some  system 
boundaries  in  the  frequency  domain  (see  Table  75).  A useful  boundary 
Is  one  that  has  included  the  range  of  frequencies  absorbed  by  the 
systen;  Fv.  the  high  frequency  boundary,  and  Fg,  the  low  frequency 
boundary,  shown  in  Figure  7 were  estimated  based  on  the  dynamic  proper- 
ties of  the  system  in  the  frequency  domain.  These  are  the  reciprocals 
of  Simon's  tg  and  tg  boundaries.  The  tj  boundary  is  an  estimate  of  the 
length  of  time  between  catastrophes  which  establishes  the  period  of 
observation  and  the  1/2  tg  boundary  is  the  time  between  the  pulses  at 
the  system's  high  frequency  cutoff  which  gives  a minimum  sampling 

The  system  boundaries  can  be  established  in  two  ways;  The 
first  method  uses  variable  power  used  by  a system  to  locate  the  F^ 
bound.  Another  way  is  to  use  the  manner  in  which  total  oower 
by  the  system.  The  Information  gained  from  observing  total  po 


is  handled 
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more  general  but  knowledge  of  the  variant  power  boundaries  Is  also 
useful.  The  two  can  give  contradictory  information  because  as  the 
mean  power  of  a system  approaches  zero  the  variation  usually  increases, 
Conversely,  when  variant  power  use  is  zero  the  system  may  continue  to 
use  mean  power.  Table  73  sinmarizes  the  boundaries  established  in 
this  sutdy  from  observation  of  total  power  or  variant  power-  The  F|j 
boundary  for  variable  power  could  be  established  through  frequency 
response  analysis  by  applying  faster  and  faster  input  signals.  However, 
the  Fj  boundary  was  not  always  found  in  the  systems  examined  here. 

For  the  case  when  is  not  apparent  the  system  may  be  adapted 
to  incorporate  low  frequency  phenomena.  Some  F.  boundaries  found  in  the 
chain  model  simulations  of  this  study  are  shown  in  Figures  24;  30(a), 
(b),and  (c);  34(a),  (b),  and  (c).  The  Fg  boundaries  in  the  same  model 
series  are  only  found  in  Figures  3D(c)  and  34(c)  (see  Table  6S).  Allen 
and  Starr  (1982)  distinguished  between  low  frequency  phentmena  that 
are  incorporated  and  those  which  destroy  a system.  Systems  may  tend 
to  evolve  to  incorporate  regular  disturbances,  e.g..  pine  forests  in 
the  southern  United  States  have  included  fire.  Also,  the  Fg  boundary  may 
not  always  be  apparent  because  the  mode!  has  not  been  structured  to 


include  the  dynamic  process  that  will  establish  the  Fg  bound.  Scien- 
tists may  have  a predilection  for  expressing  a problem  in  terms  they 
are  already  familiar  with  and  in  doing  so  processes  at  a larger  scale 
than  their  image  of  a system  can  easily  be  ignored.  If  most  natural 
phenomena  are  uHixatelypulsators,  the  absence  of  an  Fg  boundary  may 
indicate  that  a model  needs  to  be  restructured  in  order  to  consider  the 
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ultimate  fate  of  the  system  or  that  lower  frequency  inputs  are  requires 
to  find  Fj. 

Transmission  and  Reception  of  Signal  Frequencies 

Figure  60  shows  an  aquatic  ecosystem  as  analogous  to  a com- 
munication system.  The  turnovers  of  system  components  determine  the 
maximum  signal  frequency  that  a unit  can  send  or  receive,  Figures  42- 
45  and  Figures  S1  and  52  demonstrate  how  signal  frequencies  are  trans- 
ferred between  system  components  of  a salt  marsh  minimodel  {Figure  41) 
and  a salt  marsh  trophic  chain  model  (Figure  5Q],  respectively.  Child 
and  Shugart  (1972)  demonstrate  that  in  a multiorder  cascading  linear 
system  the  magnitude  of  signals  transmitted  and  received  decreases  as 
they  pass  up  the  chain  and  in  the  process  the  phase  of  these  signals 
is  lagged  progressively.  In  terms  of  mien  and  Starr  (1982)  the  higher 
levels  in  the  chain  have  slower  turnovers  and  therefore  they  constrain 
faster  turnover  units  because  they  transmit  low  frequency  signals  and 
fail  to  receive  high  frequency  ccmsunications  from  faster  units. 

The  salt  marsh  minimodel  is  unable  to  receive  energy  in  the 
semidiurnal  tides  or  daily  insolation  variations  because  the  turnovers 
of  the  receiving  components  are  too  slow  to  capture  these  frequencies 
(see  Figures  41,  43,  44),  variant  energy  and  signals  in  fast  fort- 
nightly tidal  variations  in  labile  N were  not  received  by  slow  turnover 
Spartina  and  annual  variations  transmi  Cted  by  Spartina  were  not 
received  by  slower  turnover  sediment  N.  In  addition,  the  initial  posi- 
tion of  signal  reception  relative  to  a secondary  receiving  unit  is, 
important  in  determining  which  signals  are  received  and  which  are  not. 
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Figure  44{d)  shows  that  Soartlna  receives  little  variation  from  a river 
N signal  that  Is  slow  enough  for  it  to  receive  based  oh  its  turnover 
(see  Figure  41),  However,  sediment  N of  slower  turnover  Is  directly 
connected  to  the  input  and  thus  nay  receive  more  of  the  variation. 
Figure  45  shows  that  phase  is  critical  to  the  transmission  and  receo- 
tion  of  a signal . 

Figure  48  shows  that  the  nonlinear  salt  marsh  minlmodel  has 
two  components  with  similar  properties  to  Child  and  Shugart’s  linear 
cascade.  Hwever.  the  third  component  is  very  different  and  shows  a 
notch  rather  than  a low  pass  filter  pattern,  Under  conditions  where 
resonance  occurs  a fast  turnover  nonlinear  systen  component  can  amplify 
a signal  to  the  point  that  it  can  affect  slower  turnover  units  In  the 
system  [see  Figure  52(b)  and  (c)]. 

Competitioh.  Turnover,  and  the  Paradox  of  the  Planhtovi 

Siven  the  case  when  all  other  things  were  equal,  this  study 
examined  the  effect  of  a unit's  turnover  on  the  outcome  of  competition 
between  three  units.  First,  it  was  noted  that  if  one  unit  is  given  a 
slight  advantage  or  disadvantage  by  Increasing  the  inflow  or  outflow 
it  promptly  wins  the  competition  in  the  former  case  or  loses  it  in  the 
latter.  The  assumption  was  made  that  changing  flows  is  difficult  if 
it  Is  brought  about  by  altering  the  pathway  resistance  whereas  changing 
storage  capacitance  is  an  easier  and  biologically  feasible  method  of 
changing  the  flow. 

Freouency-turnover  matching  was  shown  to  be  important  in 
determining  competitive  exclusion  by  the  following  test.  Three  units 
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In  competition  for  i consUnt  source  witK  equsi  floes  Out  unequel 
turnover  do  not  outcompete  each  other.  Three  units  in  competition 
for  a variable  energy  source  but  with  equal  flows  and  turnover  do  not 
outccmpete  one  another.  But  if  three  units  of  different  turnover  and 
eguil  flow  compete  for  a variable  energy  source  an  order  of  dominance 
is  produced.  The  unit  with  Che  slowest  turnover  will  eventually  domi- 
nate and  exclude  units  with  fasten  turnover  in  this  competition.  The 
rate  at  which  exclusion  occurs  is  dependent  on  the  frequency  and  ampli- 
tude of  the  varying  energy  source,  The  more  closely  an  input  freouency 
matches  the  fast  turnover  unit  the  more  this  unit  pulses  and  the  faster 
it  is  excluded  from  the  system  and  often  the  more  total  power  oroduced 
by  the  system  (see  Table  10}.  When  Che  signal  amplitude  input  to  a 
matched  unit  is  increased  the  unit  peaks  and  declines  even  more 
rapidly.  At  frequencies  close  to  the  turnover  of  the  fast  unit,  slower 
units  appear  to  preempt  energy  in  the  variance  by  capturing  more  than 
they  can  use  (see  Table  12].  However,  pulsing  by  Q.|  probably  is  the 
cause  of  this  result.  fast  turnover  unit  storages  use  variant  power 
more  efficiently  than  do  the  slow  turnover  units  except  when  frequency 
is  low  when  they  do  eoually  well . 

For  single  units  exploiting  a variable  energy  source,  the  unit 
with  the  fastest  turnover  draws  the  most  power  (see  Table  8).  For 
linear  competition  the  unit  with  faster  turnover  also  draws  the  most 
power  (see  Table  3).  Exclusion  occurs  in  the  autocata lytic  system  at 
the  point  of  energy  capture.  Thus,  there  must  be  two  opposing  forces 
governing  the  adjustment  of  an  autocata lytic  time  constant  in  this 
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systetn.  The  first  is  a pressure  to  be  a 
petitor  in  order  to  survive  and  the  second  is  to  be  as  fast  as  possible 
in  order  to  maximize  ener^  capture. 

These  observations  may  Oe  applicable  to  the  paradox  of  the 
planXton  as  stated  by  Hutchinson  (1951).  Essentially  the  problem  is  how 
can  so  many  different  species  of  plankton  exist  together  when  they  nust 
compete  for  the  sane  essential  nutrients,  light,  etc.,  in  the  sane 
space  and  time. 

Hutchinson  (1961)  proposed  that  the  dilenmu  could  be  solved  if 
a noneduilibriun  situation  held  due  to  the  fact  that  season  fluctuation 
occurred  before  competitive  exclusion.  This,  of  course,  would  not  apply 
to  the  plankton  of  some  tropical  waters,  kenp  and  Hitsdh  (1979)  proposed 
that  frequencies  of  physical  turbulence  matched  to  plankton  turnovers 
would  allow  coexistence  of  a number  of  plankton  species.  While  this 
may  be  true,  a careful  reading  of  their  paper  shows  that  the  model  which 
they  simulated  defines  a niche  separation  between  the  species  Dased  on 
turbulence.  Models  examined  here  indidate  that  there  could  be  niche 
separation  based  on  a nonequilibrium  brought  about  by  alteration  of 
species  turnovers.  A possible  necnanism  would  have  a pressure  on 
phytoplankton  to  turnover  faster  and  thereby  capture  more  power.  This 
situation  turns  into  a pulse  or  blocm  under  competition  with  other 
slower  turnover  units,  As  the  blpcm  dies  beck  after  depleting  resources, 
turnover  adjusts  to  a slower  rate  as  the  same  or  another  species  is 
forced  into  bloom  condition  by  increasing  resources  and  the  pressure  to 
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Iceep  power  high.  Thu&>  the  changing  turnover  of  plankton  species  in 
response  to  input  frequencies  ney  he  sufficient  to  explain  the  paradox 
of  the  plankton. 

Simulation  evidence  showed  that  the  intensity  of  competition 
could  be  Increased  by  shifting  a1T  turnovers  to  higher  valueSi  e.g.* 
bacteria,  are  under  nore  intense  competition  than  phytoplankton.  Hatch- 
ing the  unit  turnover  with  input  frequency  increases  coeqietitlon  for 
closely  spaced  turnovers.  Increasing  the  spacing  between  turnovers 
increases  the  intensity  of  ccmpetition  for  a given  input  frequency  (see 
Table  16). 


Trophic  Chain: 

Hierarchy,  Turnover.  Power?  and  Stability 
The  link  between  hierarchy  and  the  wave  filter  is  the  turnover 
of  the  system  ccmponents.  Turnover  detennined  by  the  stocks  and  flows 
of  an  ecosystem  establishes  a hierarchy  innediately.  Table  28  shows 
that  frequency  effects  on  power  production  and  use  by  storage  are 
usually  two  orders  of  magnitude  less  than  mean  effects  and  an  order  of 
magnitude  less  than  ajnplltude  effects  in  linear  chains.  On  the  other 
hand.  Table  31  shows  that  frequency  effects  In  an  autocatalytic  chain 
can  be  an  order  of  magnitude  less  than  mean  effects,  exceeding  the 
effects  of  amplitude,  Ih  autocatalytic  systems  small  changes  multiply 
rapidly  and  thus  small  differences  due  to  Che  frequency-handling 
properties  of  a system  can  determine  the  model's  dynamic  behavior. 

Four  different  turnover  arrangements  shown  in  Table  76  were 
examined  with  respect  to  their  stability  and  their  ability  to  produce 
and  use  power  through  storages.  These  turnover  arrangemeents  were 
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examined  for  eight  conbinations  of  secondary  positive  feedbacks  1n  a 
three  unit  chain  model  shown  In  Figure  33.  Figures  3S  and  38  demon- 
strate that,  in  general,  the  more  positive  feedbacks  the  greater  the 
pcHer  captured,  produced,  and  used  by  storages  In  the  chain,  On  the 
other  hand,  more  positive  feedbacks  usually  cause  the  chain  to  be  less 
stable  in  the  sense  that  more  simulation  runs  of  time  1,000  had  all 
ccnponents  go  to  zero  before  the  end  of  the  run.  Table  78  gives  the 
percentage  of  133  runs  that  were  stable  For  each  turnover  arrangement. 
Table  76  also  shows  the  percentage  of  runs  in  which  each  of  the  four 
turnover  arrangements  generated  the  most  power  production  and  power  use 
by  storages. 

Stability  and  power  generated  by  the  trophic  chain  configura- 
tions were  determined  by  the  connectedness  expressed  as  the  number  of 
secondary  positive  feedbacks  as  well  as  the  turnover  arrangement  of 
the  ccnponents.  Simulation  revealed  that  models  (a),  (d),  and  (b) 
from  Figure  23  were  the  most  stable,  models  (f)  and  (g)  were  completely 
unstable  and  models  (c),  (e},  and  (h]  were  stable  for  a small  number  of 
runs.  Chain  (h)  had  a smaller  percentage  of  power  fed  back  and  it 
produced  less  power  and  used  more  power  than  other  one  feedback  models 
(see  Figure  26). 

Hodels  with  positive  feedback  were  able  to  produce  and  use  more 
power  by  storages  because  they  maintained  greater  efficiency  for  power 
transfers  up  the  chain.  The  pattern  of  power  used  by  storages  is 
radically  shifted  when  the  efficiency  of  energy  transfer  up  the  chain 
is  high  so  that  the  majority  of  power  is  used  by  the  highest  duality 
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unit  rather  than  the  lowest  qiialUy  unit  of  the  chain.  WoOel  (b) 
(Fljune  23)  with  three  seconOary  positive  feedbacks  captured  and 
produced  more  power  than  did  model  (d)  [Figure  23}  which  used  more 
power  in  storages  because  it  maintained  higher  levels  of  pcwer  use  by 
units  one  and  two  of  the  chain  but  less  use  at  unit  three  than  occurred 
for  model  (b).  This  suggests  that  there  may  be  an  optimum  number  of 
secondary  positive  feedbacks  for  power  use  by  storages  which  Is  not 
necessarily  the  same  as  the  number  of  secondary  positive  feedbacks  that 
optimize  power  capture  and  production.  The  advantage  of  model  (b)  in 
power  production  was  due  primarily  to  the  greater  efficiency  of  mean 
power  transfer  up  the  chain.  Whereas  the  advantages  of  <b)  and  [d]  in 
power  capture  and  use  by  storage,  respectively,  were  largely  due  to 
more  efficient  handling  of  variant  power. 

The  turnover  arrangement  of  the  three  chain  components  was 
also  important  in  determining  the  stability  and  power  production  and 
use  by  storages  of  the  trophic  chain  models.  Of  the  four  different 
turnover  arrangements  shown  in  Table  76  Cases  A and  B were  by  far  more 
stable  than  Cases  C and  0.  All  four  turnover  cases  were  stable  for 
model  [a]  (Figure  23}  with  zero  positive  feedbacks  when  there  was  no 
excess  energy  available  for  capture  by  the  chain.  For  mode!  (b) 

(Figure  23}  with  no  excess  energy  available  only  chains  with  Case  A and 
B turnovers  had  stable  runs.  Only  a few  input  freouencies  were  stable 
but  power  production  and  power  use  by  storage  was  very  much  greater 
for  those  runs,  Thus,  more  energy  seems  to  be  required  to  support 
with  secondary  positive  feedbacks  which  in  turn 
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the  ava11db1e  energy  and  facilitated  its  transfer  up  the  chain,  Uhen 
the  eight  models  In  figure  23  were  simulated  with  excess  energy 
available  to  support  Increased  positive  feedback,  turnover  Cases  A 
and  B gave  stable  runs  for  models  (a),  (b).  (c),  (d],  (e),  and  (h). 
However,  turnover  Cases  C and  D gave  stable  runs  only  for  models  (a) 
and  (h)  from  Figure  23. 

The  four  turnover  cases  stable  for  the  zero  secondary  feedback 
model  gave  different  characteristics  to  the  pattern  of  power  production 
and  use  observed  for  the  model  storages,  A11  turnover  cases  showed 
resonance  oeaks  at  low  frequencies  but  Cases  A and  B had  a single  peak 
at  0.01  cycles/time  unit  whereas  Cases  C and  0 had  double  peaks  at 
0.01  and  0.0001  cycles/time  and  0.1  and  0.001  cycles/time  unit, 
respectively.  Power  production  and  use  at  high  frequencies  was 
dcninated  by  Case  A with  a fast  high  frequency  cutoff.  Power  produc- 
tion and  use  at  low  frequency  was  dcninated  by  two  resonance  peaks  of 
Cases  C and  D.  Dcnlnance  in  power  production  and  use  by  Case  D was 
due  to  the  generation  of  variant  power  In  resonance  whereas  Case  C 
dominance  was  mostly  due  to  Increased  mean  power  generation  at  low 
frequency. 

Kozlovsky  (196B)  compared  efficiencies  calculated  from  data 
representing  five  ecosystems  and  this  Information  was  used  to  determine 
how  closely  characteristics  of  the  trophic  chain  minimodels  cor- 
responded to  real  systems.  The  trophic  chain  models  were  constructed 
so  that  there  would  be  a lOX  transfer  of  energy  between  trophic  levels. 
This  condition  satisfied  Lindemann's  efficiency  between  the  assimila- 
tion at  level  n-1  as  shown  by  Kozlovsky  (1968)  to  be  around  10*  for 


all  five  of  the  ecosystems  studied.  The  ecolojicil  efficiency  was 
set  low  (1*)  for  the  first  transfer  from  solar  energy  to  green  plants 
but  higher  (ID*)  for  trophic  levels  2 and  3.  These  values  also 
correspond  to  Kozlovsky's  calculations  for  lake  ecosystems.  In  addi- 
tion, Kozlovsky  showed  assimilation  efficiency  on  the  ratio  of  assimi- 
lation to  ingestion  to  be  low  for  the  first  level  and  high  (SO-lOW)  for 
higher  trophic  levels,  and  the  minimodels  also  reflected  this  condi- 
tion. Kozlovsky  demonstrated  that  the  ratio  of  respiration  to 
assimilation  was  rather  variable  (10-80*)  for  the  five  systems  he 
studied.  In  the  minimodels  this  ratio  is  high  (80-90*)  which  Kozlovsky 
showed  was  typical  of  a marsh  ecosystem. 

Kozlovsky  distinguishes  between  but  does  not  separate  internal 
respiration  needed  to  support  and  maintain  storage  and  external  respira- 
tion in  activities  of  food  gathering,  etc.  Energy  circuit  language 
makes  it  easy  to  make  this  separation  theoretically  although  it  nay  be 
quite  difficult  to  demonstrate  empirically.  A set  of  models  was 
simulated  with  large  second  law  losses  due  to  external  respiration, 
large  losses  of  energy  or  material  across  interactions  result  In 
heavily  damping  the  system's  dynamic  behavior,  A drastic  drop  in  the 
effectiveness  of  secondary  positive  feedback  to  facilitate  power  pro- 
duction and  use  occurs  and  this  drop  is  not  accompanied  by  increased 
stability  (see  Figure  29).  Chains  with  these  large  losses  do  not  cap- 
ture as  much  available  power  as  do  systems  with  small  losses  across  the 
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Aquatic  versus  Terrestrial  Food 

Table  77  gives  the  flow,  storage,  and  turnover  character- 
istics of  two  aquatic,  one  terrestrial,  and  one  interface  ecosystem. 
Three  of  the  turnover  arrangements  given  in  Table  76  occur  in  Table  77. 
Cases  A-n  differ  only  in  rates  of  turnover  as  defined  in  Table  76. 

The  first  three  trophic  levels  of  the  aquatic  grazing  chain  are 
equivalent  to  Case  A,  Case  B is  seen  as  the  last  three  trophic  levels 
of  Che  aquatic  grazing  and  detritus  chains.  Case  0 is  represented  by 
the  second,  third,  and  fourth  levels  of  the  marsh  and  rainforest  eco- 
systons.  From  the  infomation  given  above  on  power  production  and 
stability  it  is  no  surprise  that  turnover  Cases  A and  B occur  in  the 
two  aquatic  systems.  Based  on  power  and  stability  information  it  is 
ilso  not  surprising  that  Case  C did  not  occur.  However,  Case  D occurs 
in  both  the  marsh  and  terrestrial  ecosystems  despite  the  fact  that  it  is 
the  least  stable  of  all  the  arrangments  examined.  The  extra  power 
available  when  this  arrangement  of  turnovers  is  in  resonance  prpbebly 
is  not  enough  to  offset  the  disadvantage  of  liarited  stabili^  in  the 
competition  for  survival.  One  possible  explanation  for  the  apparent 
widespread  occurrence  of  Case  0 wicK  large  storages  such  as  detritus 
is  that  it  has  the  hierarchical  structure  of  Case  A,  This  would  be 
true  if  there  were  no  positive  feedbacks  from  higher  trophic  levels 
back  to  the  detritus  which  supports  their  productivity.  A hierarchical 
perspective  on  this  problem  leads  to  the  observation  that  in  the  case 
examined  turnover  rates  of  higher  trophic  levels  are  ton  fast  to  send 
a signal  powerful  enough  to  bring  about  changes  in  the  detritis  storage. 
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Therefore,  control  may  be  exerted  In  these  cases  by  an  upper  trophic 
level  feedback  to  the  leaves  of  Spartina  that  replenish  the  storage 
of  detrltal  inaterfal.  Each  element  of  an  ecosystem  represents  many 
levels  of  nested  hierarchy  in  addition  to  that  level  shown  by  the  turn- 
overs In  Table  77.  The  behavioral  action  of  animals  may  also  be  of 
lower  frequency  than  their  inputs  and  processes  so  that  high  quality 
feedbacks  controlling  slow  turnover  components  are  certainly  possible. 
Such  systems  also  have  resonant  properties  which  give  additional 
advantages  in  energy  flow  as  was  demonstrated  by  the  hew  Zealand  salt 
marsh  trophic  chain  simulations.  This  arrangement  of  a fast  producer, 
a large  slow  storage  and  a very  fast  consumer  or  consumer  chain  is 
similar  to  a pulsing  model  investigated  by  Pichardson  and  Odum  (1961). 
It  may  not  be  unreasonable  to  speculate  that  trophic  chains  are  funda- 
mentally of  Case  A type  with  the  possibility  of  developeing  Case  B if 
there  are  enough  levels.  If  the  chain  is  built  on  a large  storage 
rather  than  a constant  flow,  pulsing  may  occur  and  lead  to  dramatic 
increases  in  power  use  and  production. 

beterson  and  Curtis  (1979)  showed  that  transfer  of  energy  to 
higher  trophic  levels  was  more  efficient  in  high  latitude  plankton 
benthic  ecosystems  and  less  efficient  in  the  tropical  plankton-benthic 
systems.  The  minimodel  simulations  along  with  this  information  on 
efficiency  indicate  that  tropical  plankton  systems  will  be  more  heavily 
damped  than  their  temperate  counterparts  which  will  have  more  of  a 
tendency  to  resonate  under  variable  input. 

Kozlovsky  (196B)  showed  that  the  ratio  of  respiration  to 
assimilation  increased  with  increasing  trophic  levels  in  lakes  and 
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sprlT<9s  but  not  in  marshes.  S1nj1at1on  snowed  that  systems  with  Case 
A turnovers  [see  Table  35)  can  radically  altar  the  ratio  of  respiration 
to  assimilation  at  higher  trophic  levels  whereas  as  this  was  not  true 
for  systems  with  Case  D turnovers.  One  might  speculate  from  this 
result  that  lakes,  streams,  and  apuatic  ecosystems  in  general  are  sys- 
tems with  many  secondary  positive  feedbacks. 

The  interaction  of  a Second 
&erqy  Source  and  wasimum  Power 

One  problem  of  both  theoretical  and  practical  interest  is  to 
determine  the  influence  of  a second  energy  source  which  interacts  at 
different  levels  in  a trophic  chain,  Two  constraints  were  imposed  on 
the  model  to  aid  in  this  evaluation.  First,  total  power  entering  the 
system  was  a constant  and  second  the  same  amount  of  embodied  energy 
was  introduced  at  each  level  in  the  chain.  Since  anbodied  energy 
increased  by  a factor  of  approximately  10  at  each  level  in  the  chain 
the  total  power  input  at  level  nr1  was  about  10S  of  the  energy  input  at 
level  n. 

A three  unit  chain  with  one  constant  energy  source  entering  at 
Q;  and  a second  variable  energy  source  entering  at  Oj.  or  Qj  was 
simulated  over  a range  of  input  frequencies  (see  Figures  29  and  31). 

In  addition,  a three  unit  chain  mcdel  with  two  variable  energy  sources 
was  tested  in  a similar  manner  (see  Figures  33  and  35),  The  frequency 
filter  properties  of  those  models  were  largely  determined  by  the  posi- 
tion of  the  second  input  source.  A second  input  at  Q,  or  0,  was  a low 


constant  and  variable  inputs  at  the  chain  base  (see  ^i9ures  30  and 
3d),  The  main  difference  between  these  two  patterns  was  that  the 
resonance  peaks  were  stronger  and  more  numerous  when  both  inputs  were 
variable.  The  turnover  configuration  of  the  model  determined  the  size 
and  number  of  the  resonance  peaks  or  bands  by  establishing  different 
natural  frequencies  of  osciliation  in  the  system. 

Two  configurations  of  each  chain  model  were  simulated,  one 
with  no  secondary  positive  feedbacks  and  the  other  with  three  secondary 
positive  feedbacks.  In  general,  the  three  feedback  model  produced  and 
used  more  power  in  its  storages  but  was  less  stable  than  its  zero  feed- 
back counterpart.  Turnover  Case  D produced  and  used  the  most  mean 
square  power  in  its  storages  when  a second  input  entered  the  zero 
secondary  positive  feedback  model  at  Qj.  However,  when  the  chain  model 
was  configured  with  three  secondary  positive  feedbacks  a second  Input 
at  Oj  usually  produced  and  used  the  most  power  in  storages  with  Case  A 
turnover. 

The  power  produced  and  used  by  storages  of  the  chain  with 
zero  secondary  positive  feedbacks  were  compared  at  three  input  positions 
for  the  second  energy  source,  (Compare  Table  SI  to  sa.)  The  model 
with  a constant  energy  at  the  chain  base  gave  more  power  production 
and  use  than  the  model  with  two  veriable  sources  when  the  second  input 
interacted  at  Og  Oj-  However,  the  model  with  two  variable  energy 
sources  generally  produced  and  used  more  power  when  the  second  input 
interacted  at  The  mode!  with  one  constant  and  one  variable  source 
produced  and  used  Che  most  power  because  it  maintained  more  mean  power 
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In  the  system.  When  the  model  with  two  variable  sources  produces  and 
uses  the  most  power,  It  fs  usually  due  to  greater  production  and  use 
of  variant  power.  When  the  second  input  enters  at  Q,|  the  interaction 
of  two  variable  sources  produces  and  uses  more  power  in  resonance  Chan 
does  one  constant  and  one  variable  source  which  obtains  some  additional 
energy  from  a faster  high  frequency  cutoff.  When  a second  Input  enters 
at  Qg  lih  Che  ratio  of  variant  power  used  by  storages  to  that  Input 
to  the  system  is  greatest  for  the  model  with  one  constant  energy  and 
one  variable  energy  Input.  However,  the  model  with  two  variable  ener> 
gles  produces  and  uses  a greater  absolute  amount  of  variable  power  In 
its  storages  for  these  second  Input  positions. 

The  model  configuration  with  three  secondary  positive  inputs 
(Figures  31  and  35}  usually  produced  and  used  more  power  through  Its 
storages  when  two  variable  Inputs  were  supplied  to  the  system  regard- 
less of  Che  position  of  Interaction.  [Compare  Table  55  to  51.)  The 
configuration  with  variable  Inputs  at  Q^and  Case  A turnovers  produced 
the  most  power.  Power  used  by  storages  was  greatest  for  the  aero 
feedback  configuration  with  one  constant  and  one  variable  energy  enter- 
ing at  Cj  and  Case  D turnovers  except  for  Its  unstable  frequencies  0.001 
and  0.0001  when  the  aforementioned  configuration  dominates  power  used 
as  well  as  power  produced. 

Case  A turnover  was  the  most  stable  arrangement  examined. 

When  all  simulations  of  Case  A turnover  were  examined,  the  single 
energy  source  produced  and  used  more  power  through  storages  than  did 


the  above  (Hscusslon  of  the  position  of  energy  sources 
and  maxiniin  power  production  and  use  by  trophic  chains  several  obser- 
vations can  be  made.  Power  sources  presented  to  the  base  of  the 
chain  are  the  most  effective  in  production  and  use  of  oower  for  the 
models  with  Case  A turnovers.  Chains  with  Case  A turnovers  are  more 
stable  than  other  turnover  arrangements  and  therefore  probably  are 
found  most  often  in  natural  systems.  If  a chain  with  no  secondary 
positive  feedbacks  captures  a second  energy  input  over  and  above  that 
energy  available  at  the  cabin's  base  it  is  most  likely  to  give  maximum 
power  production  and  use  by  storages  if  it  enters  at  Oj  or  the  highest 
unit  of  the  chain.  If  entry  at  does  not  give  a stable  system  then 
is  the  best  input  location  to  give  maximum  power  production  and  use. 
Brown  (1980)  and  Umburg  (1991)  identified  input  at  the  highest  chain 
level  as  being  most  effective  in  facilitating  power  use  in  a five  unit 
chain  and  three  unit  web.  respectively.  A chain  with  three  secondary 
positive  feedbacks  would  be  able  to  produce  and  use  the  most  pcuer 
through  storages  if  the  second  input  entered  at  0,  and  its  fregucncy 
and  phase  matched  the  input  at  the  chain  base.  In  general,  one  could 
speculate  that  less  connected  systems  might  be  better  able  to  handle 
high  quality  variable  inputs  than  more  connected  systems  if  power  use 
and  production  are  used  as  the  criteria  for  evaluation. 

Maximum  Power  In  Competition 

Odun  (198B)  showed  that  when  three  uhlts  of  linear  quadratic 
and  superquadratic  dynamics  are  in  competition  each  unit  wins  in  order 
as  thresholds  of  increasing  energy  are  crossed.  A similar  result  was 


found  In  thfs  study  Mhen  linear  and  autocatalytlc  conpetHion  between 
thnee  units  were  ccunpared.  (Compare  Tabies  9 anO  iO.)  Linear  con- 
petition  accounted  for  more  power  production  and  use  at  low  energy 
input,  whereas,  autocatalytlc  cooipetition  produced  and  used  Che  most 
power  when  energy  captured  was  Increased. 

Costanza  (1978)  showed  that  there  is  more  energy  available 
for  use  in  a constant  signal  than  in  a periodic  signal  and  that  the 
periodic  signal  contains  more  useful  energy  than  a random  signal  if 
system  power  use  is  used  as  Che  criterion  for  evaluation.  This  study 
demonstrated  that  the  power  production  and  use  by  a system's  storages 
can  be  dependent  on  the  frequency  matching  of  turnover  and  inputs. 

When  matching  occurs  the  power  produced  and  used  by  a system  of  stor- 
ages in  competition  or  in  a chain  can  be  greater  for  a periodic  than 
for  constant  input  (see  Tables  10  and  12}. 

In  general,  if  low  pass  filters  are  present,  slower  input 
frequencies  give  greater  power  production  and  use  by  a system.  This 
pattern  can  be  altered  if  resonance  phenomena  occur  due  to  the  matching 
of  internal  natural  frequencies  with  external  input  frequencies  or 
simply  by  matching  external  input  freouencies  (see  Table  18). 

Autocatalytlc  units  are  able  to  capture  more  excess  energy 
available  than  are  linear  units  over  a similar  time  period  (see  Table 
8),  If  all  storages  and  flows  are  equal  there  is  no  difference  between 
power  captured  by  linear  and  autocatalytlc  systems.  However,  if  these 
systems  are  given  variable  inputs  the  autocatalytlc  system  captures 


Odum  (1982)  correlttes  the  power  on  a pathway  wUh  the 
iTBthenatlcal  power  of  the  expression  governing  the  pathway.  There  nay 
also  be  a relationship  between  the  number  of  secondary  positive  feed> 
backs  which  Interact  to  give  the  pathway  expressions  and  the  energy 
flow  on  those  pathways.  This  study  Indicates  that  more  secondary 
positive  feedbacks  give  greater  power  production  and  use  but  also 
repulre  higher  thresholds  of  available  energy  for  their  support. 

In  conpetltlon  between  three  autocatalytic  units  nodulation 
of  matched  input  signals  gives  more  power  production  and  use  than  Is 
found  when  the  same  two  frequencies  are  superposed  (see  Table  18). 
However,  when  the  signals  are  unnatched  that  Is  they  have  different 
frequencies,  superposition  does  better  than  modulation  in  the  produc- 
tion and  use  of  power,  Unmatched  signals  lessen  the  Intensity  of  com- 
petition allowing  units  to  survive  for  longer  time  periods  and  thus 
there  Is  a less  intense  pulse  of  the  excluded  units.  If  a system  of 
three  ccnipeting  units  can  only  set  one  turnover  to  match  a nodulated 
signal  of  two  frequencies  the  most  power  is  produced  and  used  by  the 
system  and  by  the  matched  unit  If  the  turnover  of  the  unit  matches  the 
sum  of  the  Input  frequencies  (see  Table  80),  If  the  turnovers  of  all 
three  units  in  the  system  can  be  adjusted  then  the  most  power  produc- 
tion and  use  by  the  system  occurs  when  units  have  turnovers  equal  to 
the  sum  of  the  input  frequencies,  the  difference  of  the  input  fnequen- 
cies  and  the  lowest  input  frequency. 
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Stability  is  a concept  with  severe!  meanings  to  the  field  of 
ecology.  For  exaiwle,  Lewontin  (1969)  discusses  at  least  five  aspects 
of  stability  that  are  connonly  employed  for  the  analysis  of  ecosystems. 
Kay  (1973)  distinguishes  between  local  and  global  stability  by 
describing  a landscape  of  hills  and  valleys  representing  the  system^s 
stability  surface.  The  lowest  elevation  on  the  surface  is  stable 
globally  and  each  valley  represents  a point  of  local  stability.  In 
this  study  a simulation  run  is  considered  stable  If  one  component  of 
the  system  is  not  zero  after  a run  time  of  1,0M  units.  Thus,  systems 
that  are  unstable  have  been  driven  to  the  zero  limit  set  for  each  ooei' 
ponent  by  limiting  storages  Co  positive  values.  Kay  (1973)  observed 
that  several  types  of  system  webs  of  incresaing  ccmplexity  tended  to 
be  increasingly  unstable.  Two  main  cases  considered  were  a comnunity 
matrix  of  logistic  growth  equations  and  a matrix  of  randomly  constructed 
species  interactions  whioh  oould  be  either  positive  or  negative  in 
effect.  Nay  points  out  that  Gardner  and  Ashby  (1970)  demonstrated  that 
complex  systems  which  are  structured  in  subgroups  with  intense  inter- 
actions are  more  stable  than  randomly  structured  webs. 

The  stability  of  trophic  chain  minimodels  from  figure  23  is 
given  in  Table  78.  figure  61  shows  the  connectance  matrices  for  the 
eight  models  of  Figure  23,  Table  78  and  figure  26  show  that  greater 
connectance  in  the  chain  leads  to  less  stable  systems  with  higher  energy 
flow.  When  Table  28  is  compared  with  Table  26(A)  it  is  apparent  that 
chains  with  small  second  law  losses  across  interactions  have  a local 
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stability  maxIniiBi]  at  three  secondary  positive  feedbacks.  Table  7S 
shoved  that  for  the  series  of  inodels  given  in  Figure  23  certain  feed- 
back configurations  are  more  stable  than  others.  Perhaps  the  two 
factors  that  in  part  determine  veb  complexity  in  the  real  world  are 
power  and  stability  which  have  antagonistic  effects  here  but  not 
necessarily  in  real  systems  (see  Hay,  1973).  However,  as  Table  7E  and 
Figure  26  sh(xv,  certain  chain  structures  give  high  power  generation 
combined  with  surprising  stability.  [See  models  (b)  and  [c).]  This 
general  pattern  is  one  which  has  controlling  positive  feedbacks  from 
the  high  quality  unit  back  to  lower  quality  units  in  the  chain. 

Besides  connectance  the  intensity  of  component  Interactions 
also  determines  the  system's  stability.  Table  73  showed  that  model 
(b)  with  the  greatest  connectance  had  the  least  average  energy  on  an 
Interaction  pathway.  Conversely,  model  (a)  with  the  least  connectance 
had  the  greatest  average  energy  of  interaction.  Hay's  measure  of  the 
interaction  strength  was  s,  the  average  standard  deviation  of  the  flow 
on  all  pathways.  Briand  (igS3)  examined  40  food  webs  and  showed  that 
systems  with  constant  environments  were  more  connected  and  had  less 
intense  interactiohs  than  systems  in  fluctuating  environments.  Accord- 
ing to  the  web  and  chain  models  examined  here  one  would  expect  more 
constant  environments  with  more  highly  connected  food  webs  to  produce 
and  use  more  energy.  If  the  systems  are  corrected  for  the  thermody- 
namic Intensity  or  temperature  the  power  genereted  may  also  increase 
for  more  connected  systems  in  constant  environments.  May  (1973)  observed 
that  more  connected  systems  must  have  more  natural  frequencies  of 
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oscillation  and  therefore  have  a greater  chance  of  Oeing  iinstable, 
Briand's  study  is  interesting  because  it  indicates  that  systems  with 
higher  connectance  occur  in  constant  environments  where  the  greater 
number  of  natural  freguencies  will  not  usually  be  subjected  to  per* 
turbations-  This  study  shows  that  systems  which  are  highly  connected 
and  in  fluctuating  environments  nay  develop  energy  flows  that  are 
maintained  at  high  level  across  a wide  frequency  band.  By  keeping  the 
mean  level  of  flow  high  the  ability  of  resonance  to  cause  variations 
in  the  variant  power  generated  is  mitigated  [see  Figure  S4(a)  and  [b]]. 

Stability  analysis  was  also  used  in  this  study  to  define  the 
boundaries  of  a system  in  the  frequency  domain  as  shown  in  Figure  34(c] 
and  discussed  above.  Stability  has  also  been  discussed  in  relation 
to  the  four  turnover  arrangements  shown  in  Table  75. 

Discrete.  Nonlinear  Competition 

Hay  (1974}  discussed  the  kinds  of  behavior  possible  from 
simple  nonlinear  equations  representing  biological  populations  as  the 
intrinsic  rate  of  increase  r is  augmented.  These  equations  give  a 
rich  variety  of  behavior  including  stable  limit  cycles  of  different 
frequency  and  chaotic  or  random  behavior.  In  this  case  chaotic 
behavior  was  represented  by  cycles  of  arbitrary  periods.  Hay  notes 
that  completely  deterministic  nonlinear  equations  give  behavior  that  is 
indistinguishable  from  chaos  when  r is  above  a threshold.  This  obser- 
vatioh  becomes  even  more  interesting  when  r is  recognized  as  the  energy 
source  for  Hay's  population  models.  From  this  perspective  random  or 
noisy  behavior  could  be  an  energy  based  phenomenon. 


In  this  study,  Initial  modals  were  switclied  frooi  analog  simu- 
lation to  digital  simulation  and  in  the  process  questions  arose  with 
regard  to  the  significance  of  the  Iteration  interval.  Because  of  the 
iteration  interval  discrete  systems  can  have  very  different  properties 
from  their  continuous  counterparts.  This  is  highly  significant  for 
ecosystems  since  there  are  many  cases  of  discrete  phenomena  observed, 
e.g.,  breeding  time  of  certain  populations,  the  outbreak  of  disease, 
migration,  cycles,  etc. 

The  iteration  interval  was  recognized  as  a kind  of  system 
filter  that  could  determine  the  survival  of  components.  Increasing 
the  iteration  interval  effectively  acts  as  an  increase  of  r for  Kay's 
population  models  and  therefore  a sensitive  range  of  bifurcation  and 
stable  limit  cycles  and  chaos  is  passed  as  dt  is  increased  (see  Figures 
17  and  18,  Tables  6 and  7).  Of  course,  this  interesting  behavior  is 
merely  an  artifact  if  the  system  under  investigation  Is  continuous, 
but  what  about  the  case  when  it  has  discrete  components?  How  should 
such  systems  be  represented  in  simulation  and  are  simulation  results 
different  frcn  those  obtained  by  assuming  that  the  system  is  continuous? 
The  competition  and  trophic  chain  minimodels  were  given  an  alternative 
formulation  based  on  the  assumption  that  these  systems  were  discrete. 

The  component  turnovers  were  used  to  set  iteration  intervals  with  the 
same  ratio  of  dt  to  time  constant.  Fast  component  DO  loops  were  then 
nested  inside  slower  component  DO  loops  to  simulate  discrete  behavior. 

In  this  formulation  a component  with  discrete  long  generation  time 
could  not  exploit  fast  variations  (see  Appendix  A). 
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The  results  of  siraulatian  were  different  1n  the  case  of  con- 
oetltlon  between  three  units.  (Compare  Tables  21-23  to  12.)  The  fast 
turnover  unit  was  able  to  outconpete  slower  turnover  units  when  the 
input  frequency  Hatched  the  fast  turnover.  Thus,  the  effect  of  slow 
units  preempting  variant  power  from  the  fast  unit  was  negated.  Nested 
simulation  of  the  trophic  chain  model  with  Case  A turnovers  gave  results 
very  similar  to  the  simulation  with  the  sane  dt.  (Compare  Table  64 
to  58.)  The  use  of  hierarchically  structured  programs  may  be  the 
appropriate  method  for  handling  systems  with  discnete  aspects. 

Limitations  on  Frequency  Response  Analysis 
Frequency  response  analysis  was  perfonned  by  holding  the 
Input  signal's  amplitude  and  mean  constant  and  varying  the  Input  fre- 
quency. This  approach  is  useful  in  identifying  possible  system  boun- 
daries. resonance  points,  and  cutoffs  but  it  does  not  show  what  the 
frequency  response  would  be  to  the  actual  signals  entering  a system. 

In  general,  the  energy  based  development  of  nierarchies  Imposes  an  order 
of  Increasing  amplitude  as  frequency  becomes  slower.  However,  the 
maximum  amount  of  variance  In  the  system  is  often  found  at  high  fre- 
quencies because  the  second  law  of  thermodynamics  requires  that  energy 
be  concentrated  as  it  Is  upgraded  (Odum,  1983).  External  forcing 
frequencies  often  have  their  variation  heavily  concentrated  at  one  or 
more  specific  frequencies,  e.g.,  solar  inputs  are  concentrated  at 
daily  and  annual  frequencies.  Thus,  the  frequency  response  at  these 
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frequencies  becomes  most  Importaot.  EstaOiishing  system  boundaries 
for  lew  frequency  inputs  by  observing  whether  a signal  is  incoroorated 
or  catastrophic  nay  be  one  of  hte  more  useful  applications  of  the 
frequency  response  techniques. 


Flore  and  fauna  from  all  over  the  world  have  been  transported 
by  man  into  the  long  isolated  islands  of  New  Zealand,  Elton  [1958] 
discussed  some  of  the  consequencies  of  biological  invasion.  Sonetimes 
an  introduced  species  (such  as  the  red  deer  in  New  Zealand)  expands 
rapidly  without  predators,  parasites,  competitors  and  other  ecological 
constraints  present  in  its  native  ecosystem.  Another  species  may  be 
unable  to  establish  itself,  or  occupy  only  a limited  area  like  the 
white  tail  deer  which  lives  mainly  on  Stewart's  Island,  New  Zealand. 
Whole  ecosystems  are  not  introduced  into  new  areas  although  often 
predators  and  parasites  may  be  imported  to  counter  the  invasion  of  an 
unwanted  species. 

The  Introduction  of  Spartina  townsendii  and  its  fertile  poly- 
ploid form  Spartina  anolica  into  New  Zealand  was  ecological 1y  powerful . 
Sparti na  forms  the  basis  of  an  entire  salt  marsh  ecosystem  which  has 
the  capability  of  radically  altering  Che  lanoscape  and  the  patterns 
of  water  circulation  and  sediment  deposition  in  suitable  tidal  areas. 
Spartina  townsendii  sensu  lato  [includes  both  forms)  has  been  remark- 
ably effective  invading  the  Narlborough  Sounds  region  of  New  Zealand. 
Erosion  rates  and  the  nutrient  content  of  rivers  have  increased  due  to 


clearcutting,  conversion  to  pasture,  and  fertilization  by  man.  Thus. 


conditions  in  New  Zealand  today  are  probably  more  favorable  for 
development  of  extensive  salt  marshes  than  they  have  been  previously. 
The  indigenous  salt  mar$n  in  the  Kaituna  River  estuary  is  composed  of 
an  association  of  Juncus  and  Lentoearous  which  does  not  usually 
colonize  further  seaward  than  mean  high  water  neap  tide.  The  tidal 
zone  seaward  of  the  natural  marsh  was  ordinarily  an  extensive  mud  flat. 
This  area  of  n«/0  flat  is  rapidly  being  taken  over  by  Soarlina  at  the 
mouth  of  the  Kaituna  River  and  elsewhere  in  the  Harlborough  Sounds 
region.  Odum  et  a1.  (19S3)  note  that  the  Spartina  towns endii  system 
is  much  more  productive  than  the  indigenous  mud  flat  it  has  displaced. 
Therefore,  this  change  is  apparently  an  example  of  maximum  power  selec- 
tion in  which  a new  self  organizing  system  has  replaced  the  old  eco- 
system allowing  adaptation  to  utilize  more  of  the  available  energies 
of  sun,  tide,  river  sediment,  and  nutrients.  Odum  et  a1.  (1983) 
also  make  the  point  that  the  success  of  the  hybrid  Spartina  may 
Illustrate  how  micrpevplutipnary  changes  can  feed  back  to  effect  broad 
reorganization  of  ecosystems  and  landscapes  into  more  productive, 
potentially  useful  systems  to  maximize  energy  use  under  different  con- 
ditions. 

This  study  examined  three  aspects  of  Spartina  self- 
organization at  the  kaituna  River  estuary  with  evaluated  minimodels. 
Competition,  trophic  chain  self-organization  and  a marsh  overview  mini- 
model were  simulated  and  the  frequency  response  of  the  models  was 
analyzed. 
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Since  Jiinciis-Leptocarous  nas  less  tolerance  for  inundation 
than  Spartina  it  exists  in  the  marsh  on  higher  ground  whereas  Spartina 
is  found  in  the  low  marsh.  Competition  between  these  two  will  usually 
be  along  their  boundary,  where  competition  occurs  for  territory 
suitable  for  both  species  a simulation  model  showed  Spartina  eliminated 
June us  and  Leptoearpus  within  five  and  two  years,  respectively  {see 
Figure  39).  Soarti na  has  the  fastest  turnover,  then  comes  J uncus  and 
finally  Leptoearpus  turns  over  the  slowest.  The  order  of  dominance 
found  by  simulating  a model  evaluated  with  real  data  was  just  the 
opposite  of  the  results  seen  in  the  theoretical  case  with  all  flows 
egual  where  the  slowest  unit  turnover  wins  out  in  the  end,  The  result 
given  for  the  real  case  is  undoubtedly  due  to  the  fact  that  power  pro- 
duction and  use  by  Sparti na  is  apparently  greater  than  that  for  the 
Juncus-Leotpcarous  association.  The  superiority  of  the  unit  with 
fastest  turnover  is  due  to  its  greater  productivity. 

Salt  Harsh  Filter  Belationships 

Odum  (1982)  briefly  investigated  the  consequences  of  additive 
and  moUiplicative  interaction  between  Tow  frequency  small  amplitude 
high  quality  energies  and  high  frequency  large  amplitude  low  quality 
energy.  Hultiplication  gave  a pattern  of  amplitude  modulation  where 
the  amplitude  of  the  fast  signal  increased  when  the  slower  signal  ampli- 
tude was  high  and  decreased  when  it  was  low.  Addition  of  signals 
resulted  in  only  small  variations  of  the  high  frequency  amplitude 
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because  the  amplitude  of  the  iow  frequency  signal  was  snail  ccnpared 
to  that  of  the  high  frequency- 

When  the  frequency  tcoBerties  of  nonlinearity  versus  those 
of  linearity  were  conpared  In  the  salt  marsh  Tinimodel . two  distinct 
patterns  were  observed.  Signals  entering  a storage  were  superoosed 
while  those  entering  multipliers  were  modulated  giving  the  two  types  of 
output  discussed  above  (see  Figure  42}.  If  nonlinearity  is  a oart  of 
real  ecosystems  then  we  should  be  able  to  observe  the  distinct  pattern 
of  the  modulation  of  interacting  energy  or  material  signals.  This 
would  be  an  excellent  experiment  for  future  field  study. 

Host  models  with  storages  have  a high  frequency  cutoff  asso- 
ciated with  the  component  based  on  its  turnover.  The  marsh  minimodal 
simulation  showed  that  the  labile  N storage  was  not  of  fast  enough 
turnover  to  capture  the  variation  in  the  semidiurnal  tied.  The  Spartina 
storage  captured  annual  variations  but  not  those  with  higher  frequency. 
In  addition  to  the  high  frequency  cutoff  the  position  and  manner  of 
the  input  signal's  interaction  is  important  in  determining  what  fre- 
quencies are  captured  (see  Tables  43  and  44]. 

Transmission  of  frequencies  through  the  mode!  was  enhanced  if 
the  frequency  entered  through  a multiplier  and  mitigated  if  it  entered 
via  a storage.  The  distance  (number  of  storages)  through  which  a signal 
must  travel  in  a model  also  caused  signal  attenuation  as  shown  by 
Child  and  Shugart  (1972).  Solar  input  was  dominant  over  river  and  tide 
Input  in  the  frequency  response  analysis  performed  on  this  model. 

Labile  N was  sensitive  to  all  inputs;  Spartina  was  sensitive  only  to 
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solar  ooorgy;  sediment  N was  sensitive  to  both  solar  input  and  river 
input  frequencies. 

The  patterns  of  power  use  by  the  salt  marsh  mlninodel  reflect 
those  observed  in  Che  analysis  of  variant  power  use.  Table  73  shows 
that  variant  power  accounts  for  less  than  10*  of  the  total  power  yet 
changes  In  variant  power  contribute  10  to  SO*  of  the  changes  observed 
for  total  power  when  solar  input  frequency  varies.  The  frequency 
response  with  respect  to  solar  energy  gives  the  strongest  pattern  of 
the  three  inputs.  Both  total  and  variant  power  captured,  circulating 
and  produced  have  a minimum  at  frequency  10  cycles/year  and  increase 
as  frequency  Increases  or  decreases.  Variant  power  exported  has  a 
maximum  at  10  cycles/year  and  decreases  if  frequency  changes.  The 
significant  factor  here  nay  be  that  the  mlniman  power  is  processed  at  a 
solar  input  frequency  that  is  unlikely  to  occur.  The  Soartina  high 
frequency  cutoff  is  set  to  capture  annual  variations  and  lower  frequen- 
cies. High  frequencies  are  treated  as  constants  by  slow  storages  so 
power  increased  for  fast  input.  If  the  system  cannot  use  Che  mean 
square  power  it  is  lost  as  export.  In  this  context  there  is  a local 
minimum  of  power  lost  in  export  at  solar  input  frequency  I cycle/year. 
Maximum  power  capture  and  production  was  also  at  this  frequency  when 
tide  and  river  were  varied.  So  the  marsh  minimodel  has  a filter  design 
which  is  adapted  to  do  well  at  annual  input  frequencies  that  carry  much 
of  the  variant  power  available  for  use. 

Longitudinal  turbulent  exchange  In  an  estuary  was  modeled  as 
proportional  to  the  concentnation  gradient  of  the  substance.  The 
frequency  response  of  this  formulation  Is  a band  pass  filter  with 
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naxlmun  transniission  at  10  cyclas/year.  Turbulent  excnange  imposes 
• notch  filter  pattern  an  the  labile  N storage  which  one  would  expect 
to  be  a tow  pass  filter  like  its  sister  conponents  sediment  N and 


Trophic  Chain  Characteristics  and  Self-Omanlaation 

One  point  of  interest  for  successfully  invading  species  is  how 
they  wii]  alter  the  ecological  and  trophic  relationships  in  their  new 
hpne.  The  major  food  chain  of  the  Spartina  marsh  ecosystem  at  Havelock, 
New  Zealand,  consists  of  Spartina  townsendii  sensu  late  which  produces 
detritus  and  exudes  organic  matter  upon  which  bacteria  flourish.  The 
bacteria  in  turn  are  consumed  by  a deposit  and  organic  film  feeding 
snail  Potanopyrous  antipodium  aealandae.  It  is  quite  likely  that  this 
snail  is  consumed  by  ducks  and  bottcm  feeding  fish  like  the  flounder 
both  of  which  are  found  on  the  marsh,  Potamopyrqus  is  the  key  indigen- 
ous species  organized  into  a new  Spartina  based  food  chain.  Potamo- 
pyrqus is  found  only  beneath  rocks  and  driftwood  in  the  native  marsh, 
but  it  can  occur  in  abundance  on  brackish  tidal  platforms  near  river 
mouths  [Horton  and  HI11er,  1968).  Potamopvrqus's  surprising  abundance 
(78,000  animals/m^]  on  the  marsh  at  Havelock  may  be  based  upon  the  pro- 
vision of  abundant  food  and  shelter  by  the  Spartina  and  a paucity  of 
competitors  suitably  adapted  to  exploit  the  marsh  habitat.  Similar 
conditions  of  abundant  food  and  few  competitors  occur  on  mud  flats  at 
the  river  mouth  where  Potamopyrqus  is  usually  quite  abundant. 

Frequency  response  analysis  of  the  trophic  chain' model  re- 
vealed patterns  of  high  frequency  cutoffs  and  modulation  consistent  with 
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observations  of  the  marsh  mlnimodel.  However,  stron9  resonances  were 
set  lip  by  frequency  variation  of  Inputs  to  the  trophic  chain  model 
that  did  not  appear  in  the  marsh  minimodel.  The  strength  of  an  input 
frequency  interaction  depends  on  how  dose  the  affected  ccmponent  is 
to  the  input  signal  as  well  as  the  component  turnovers.  Temperature 
input  was  most  effective  in  producing  resonance  in  the  bacteria  and 
OOC  storages.  The  kinetics  of  temperature  interaction  were  modeled  as 
stimulating  both  production  and  consumption  which  favored  resonant 
behavior.  This  observation  was  supported  by  simulation  of  the  model 
with  a similar  push-pull  formulation  for  predator  har-vest  which  also  set 
up  resonance  in  the  bacteria  and  DOC  storages.  In  addition,  resonance 
only  occrred  over  a temperature  input  frequency  band  from  IDO  to  365 
cycles  per  year  interacting  with  an  annual  variation  of  rivar  DOC.  and 
solar  input.  Perhaps  the  interaction  of  annual  rhythms  with  daily 
rhythms  of  variation  is  ah  Important  factor  in  producing  pulsing 
behavior  or  resonance  in  ecosystens.  This  speculation  needs  testing, 

The  frequency  response  analysis  of  the  marsh  trophic  chain 
model  was  carried  out  with  respect  to  four  system  parameters;  the 
power  circulating,  the  power  produced,  the  power  used  by  storages  and 
the  power  remaining.  The  power  circulating  is  the  sum  of  energy  or 
matter  moving  on  all  system  pathways  and  is  similar  to  system 
ascendency  expressed  in  tenns  of  Infomation  by  Ulanowicz  (1980).  The 
pwer  remaining  is  the  complement  of  power  captured,  thus  minima  of 
power  remaining  indicate  that  power  captured  by  the  system  is  a maximum. 

Frequency  response  analysis  of  the  trophic  chain  model  re- 
vealed Chat  there  is  a tradeoff  between  the  maximum  power  captured  and 


the  (n&xlnun  pcMer  circulating  for  inputs  that  give  resonance.  A 
resonant  input  frequency  naxinites  the  power  circulating  1n  the  model 
but  causes  the  power  captured  to  be  nininal.  Predators  with  push-pull 
effects  brought  about  the  greatest  amount  of  variant  power  circula- 
tion for  all  inputs  at  all  frequencies.  However,  the  total  power  cir- 
culating was  only  greatest  at  high  frequencies  for  this  input.  In  con- 
trast power  captured  was  least  for  Inputs  with  resonant  frequencies. 
Power  produced  and  used  by  inputs  that  give  resonance  is  greater  at 
resonant  frequencies  but  less  for  nonresonant  frequencies  than  Inputs 
which  do  not  give  resonance.  Absence  of  secondary  positive  feedbacks 
did  not  change  the  nesonant  properties  of  the  system,  thus  It  was 
structurally  stable  with  respect  to  these  interactions.  Lack  of  posi- 
tive feedbacks  did  uncouple  the  power  captured  from  the  power  circulat- 
ing so  that  resonance  In  the  system  no  longer  diminished  the  power 
captured.  This  suggests  that  secondary  positive  feedbacks  from  resonant 
ccmponents  to  the  energy  capturing  component  may  be  avoided  in  com- 
petitive ecosystems.  The  presence  of  secondary  positive  feedbacks 
causes  more  energy  capture  at  low  frequency  than  does  the  case  with  no 
secondary  positive  feedbecks.  The  total  power  circulating  Is  greatest 
for  the  case  with  feedbacks  even  though  the  variant  power  circulating 
Is  less.  This  supports  the  theoretical  results  that  Increased  power 
from  positive  feedbacks  is  a mean  effect. 

This  tradeoff  between  power  captured  and  power  circulating 
may  be  significant  when  viewed  in  the  context  of  ecosystem  development. 
System  designs  that  maximize  power  captured  are  most  important  In 


competition,  but  a design  that  maiimlzes  power  circulating  nay  be  the 
ultinate  goal  of  a climax  system.  Lower  system  connectance  nay  pre- 
serve the  ability  to  capture  energy  while  maintaining  high  resonant 
levels  of  power  circulation  where  a ccmprcnii se  is  required.  Systens 
with  secondary  positive  feedback  capture  more  power  at  nonresonant 
frequencies  and  generate  more  circulating  power  at  almost  all  fre- 
quencies, so  they  should  be  seleoted  most  of  the  tine  in  both  succes- 
sional  and  climax  ecosystems.  When  they  do  not  occur  it  may  be  due  to 
the  existence  of  resonance  driven  by  one  of  the  system  inputs. 

Only  two  of  the  four  Inputs  to  this  system  produced  resonant 
behavior.  A solar  input  frequency  of  0.1/year  causes  the  maximum 
power  capture  and  circulation  in  the  system.  The  frequency  response  of 
all  the  system  parameters  to  variations  in  solar  energy  is  a low  pass 
filter  pattern.  The  maximum  power  circulating  and  used  by  storage  at 
the  annual  input  frequency  is  given  by  the  model  that  includes  preda- 
tion. There  is  no  difference  in  power  production  and  capture  between 
a model  with  predators  and  one  without. 

When  predators  have  a push-pull  action  on  their  prey  they 
produce  more  variant  power  circulation  Put  they  capture  much  less 
variant  power  than  does  the  system  with  predator  harvest  only.  The 
power  circulating  is  greater  for  resonant  frequencies  and  at  low 
frequency  but  less  at  Intermediate  frequencies.  Power  captured  was  less 
for  the  predator  push-pull  configuration.  These  observations  may  be 
significant  for  systems  that  are  harvested  such  as  fisheries.  Appro- 
priate feedbacks  to  stimulate  system  productivity  are  important,  but 
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exploiters  most  avoid  posh-poll  effects  that  can  lead  to  a less  compet- 
itive or  onstable  system  or  conponent- 

Freqoency  response  analysis  indicated  that  the  marsh  trophic 
chain  model  was  not  adapted  to  incorporate  distorbances  with  periods  of 
100  years  or  greater.  The  model  was  most  sensitive  to  harvest  by  pred- 
ators and  could  be  stabilized  by  adjosting  this  parameter  as  frequency 
input  was  changed.  The  most  unstable  cases  occurred  for  inputs  that 
caused  resonant  behavior.  Some  of  this  instability  may  be  contributed 
by  the  storage  of  HOC  without  a linear  drain. 

Ecosystem  Adaptation  and  Variable  llesources 

The  simulations  of  theoretioal  and  evaluated  ecosystem  models 
Indicate  that  adaptation  of  system  design  by  changing  component  turnovers 
can  facilitate  the  acpture,  low  pass,  and  use  of  available  variable 
resources.  Frequency  response  patterns  of  both  theoretical  evalu- 
ated ecosystems  showed  characteristic  patterns  explicable  in  terms  of 
concepts  from  conmunicatlons  engineering.  Low  and  pass  and  band  pass 
filters;  resonant  peaks  and  high  frequency  cutoffs  were  found  to  be 
characteristics  of  highly  nonlinear  ecosystem  models,  Evidence  supports 
the  concepts  that  hierarchical  ecosystem  organization  is  most  stable  and 
that  increasing  positive  feedbacks  are  required  to  exploit  additional 
power  in  the  system  as  well  as  contributing  to  more  power  capture. 
Frequency  adaptation  by  changing  turnover  may  define  niche  separation 
in  competition.  The  operation  of  the  second  law  of  thermodynamics  was 
found  to  damp  system  oscillations.  When  resonance  did  occur  in  evalu- 
ated ecosystems  there  was  a tradeoff  between  power  circulating  in  the 
system  and  power  captured  in  competition  with  others.  Ecosystem 
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organization  in  part  depends  on  adaptation  to  the  frequency  of  avail- 
able resources.  Frequency  is  important  to  tbe  design  of  ecosystems. 


SUWARV 


The  following  points  siiimaHze  results  releting  to  ecological 
c^petltion  and  organization: 

1 . More  power  was  used  in  cornpetition  by  linear  units  for  small 
energy  input  but  autocata lytic  coo^etition  used  more  power 
when  energy  input  was  large. 

Z.  In  general,  constant  signals  were  more  easily  captured  and 
supplied  more  power  than  periodic  signals;  periodic  signals 
were  superior  to  random  inputs.  When  input  signal  frequencies 
matched  the  natural  frequencies  of  a system  resonant  power 
from  variable  inputs  exceeded  the  power  available  from  constant 

3.  Autocatalytic  units  exploit  excess  available  energy  more 
efficiently  than  linear  units. 

4.  Competition  Is  intensified  by  input  frequency-turnover  matching, 
turnover  separation  and  an  upward  shift  in  the  range  of  turnover 
considered. 

5.  The  fastest  turnover  unit  uses  the  most  power  for  a single 
linear  or  autocatalytic  unit  not  in  competition.  This  is  also 
true  for  linear  units  in  cotnpetUion, 

6.  Autocatalytic  units  in  competition  give  more  total  power  use  as 
input  frequency  is  decreased,  and  mare  total  power  production 
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for  Inputs  natctieti  to  frequency  turnover.  Power  production 
Is  high  because  matching  causes  the  fast  turnover  unit  to 
pulse,  contributing  a burst  of  power  before  It  Is  ejciuded. 

7.  When  there  are  high  frequency  Inputs  available  for  use,  the 
system  which  matches  Its  high  frequency  cutoff  to  receive 
variant  power  captures  and  uses  more  power  Chan  a system  which 
fails  to  exploit  the  high  frequency  energy. 

8.  Both  variability  In  the  input  functions  and  separation  of  unit 
turnovers  are  necessary  to  bring  about  an  order  of  dominance  1n 
digital  models  where  all  flows  are  Initially  equal. 

9.  Modulation  [multiplication]  of  two  input  fnequencles  transformed 
and  used  more  power  Chan  superposed  (added)  Inputs  when  the 
Input  frequencies  were  equal  and  In  phase,  but  not  when  they  were 
unequal.  Noisy  signals  gave  more  power  when  they  were  modu' 
lated  than  when  they  were  superposed. 

10.  Actual  data  on  a salt  marsh  system  in  New  Zealand  showed  that 
pathway  flows  were  not  equal  and  that  the  fast  turnover  unit 
established  dominance  quickly  under  conditions  where  it  captured 
more  available  energy. 

11.  In  general,  trophic  chain  models  with  Increasing  numbers  of 
secondary  positive  feedbacks  In  multiplicative  interactions 
transformed  more  power  but  were  less  stable  than  units  with 
fewer  feedbacks. 

12.  All  models  of  competition,  trophic  chains,  and  webs  tested  dis- 
played increasing  power  use  by  storage  at  lower  input  frequen- 


expected  for  low 


13.  Increased  power  generated  by  greater  npatbers  of  secondary 
positive  feedbacks  In  webs  and  chains  was  a mean  effect. 

14.  Feedback  configurations  were  Highly  variable  In  their  stability, 
and  configurations  existed  where  high  positive  feedback  was 
associated  with  high  stability. 

15.  Hierarchically  arranged  turnovers  (Q^  = 10,  Q2  ' '-O-  Qj  * 0.1) 
where  the  most  stable  (82.71)  and  used  the  most  power  in  storages 
(37,6*), 

16.  The  position  of  a second  energy  source  entering  a chain  was  the 
most  Important  factor  determining  the  type  of  wave  filter  type 
observed.  When  the  second  energy  entered  at  a low  trophic  level, 
a low  pass  filter  with  resonant  peaks  was  found.  For  a second 
Input  in  the  middle  of  a trophic  chain  a low  pass  filter  was 
observed  and  for  a second  Input  at  the  end  of  the  trophic  chain 

a band  pass  filter  was  shown  by  frequency  analysis. 

17.  Hatching  turnover  properties  like  resonance  and  high  frequency 
cutoffs  to  input  frequencies  usually  determined  the  pattern  of 
power  capture  and  use. 

IS,  Power  transformation  was  increased  by  adding  a second  energy 
source  at  the  end  of  the  trophic  chain  in  systems  with  few 
secondary  positive  feedbacks.  The  optimum  position  for  a second 
energy  source  to  Increase  power  transformation  in  a system  with 
three  secondary  positive  feedbacks  was  the  base  of  the  trophic 
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19.  Mhere  the  total  energy  available  to  the  system  was  constant, 
the  total  cower  transformed  by  the  system  was  maximized  for  a 
single  Input  at  the  base  of  the  chain. 

ZQ.  Pathways  with  cooperation  between  parallel  units  of  different 
turnover  stabilized  webs  for  most  Input  frequencies  by  prevent- 
ing competitive  exclusion  of  the  fast  turnover  unit.  More  power 
was  captured  than  for  webs  with  conpetltlon  alone. 

21.  Filter  design  developing  duning  self-organization  of  an  invading 
Spartina  salt  marsh  had  a mlnlimm  energy  adsorption  at  10  cycles 
per  year  and  was  therefore  well  adapted  to  capture  solar  input 
variations  at  higher  and  lower  frequency. 

22.  Input  variability  not  used  by  the  marsh  system  was  exported  to 
the  sound  ecosystem. 

23.  Longitudinal  turbulence  of  exchange  with  the  estuary  was  found 
to  give  a notch  filter  pattern  to  the  fast  turnover  labile  N 
storage. 

24.  Variable  Input  accounted  for  less  than  10t  of  the  power  input  to 
the  model  but  It  usually  accounted  for  40  to  80t  of  the  total 
change  In  pmver  observed. 

25.  Self-organization  of  a new  trophic  chain  based  on  Invading 
Spartina  Included  the  Indigenous  snail  Pptamopvrous  as  the  major 
detritivore  In  abundance  on  the  marsh  floor. 

26.  The  interaction  of  diurnal  temperature  input  frequencies  with 
annual  frequencies  of  river  and  solar  input  produced  resonance 
in  OK  and  bacteria  system  components  of  a trophic  chain  model 
based  on  data  from  New  Zealand.  Florida,  and  Georgia. 
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27,  Resonance  set  uo  in  this  trophic  chain  allows  Che  greatest 

production  of  power  circulating  in  the  model  but  power  captured 
in  competition  is  a minimum  for  the  resonant  case. 

26.  If  secondary  positive  feedbacks  from  resonant  components  to  the 
power  receiving  unit  of  the  chain  are  broken;  power  capture  is 
uncoupled  from  power  circulating, 

29,  The  second  law  of  thermodynamics  acts  to  mitigate  the  effect  of 
resonance  within  a trophic  chain. 

30.  Stimulating  both  production  and  consumption  of  a component  tends 
to  cause  resonant  behavior. 

31.  Optimum  conditions  for  power  captured  in  competition  were 
different  from  the  optimum  conditions  for  power  transformation 
in  the  coupled  system  network. 

Some  general  summarizing  points  follow: 

32,  Freguency  response  analysis  revealed  wave  filter  types,  high 
frequency  cutoff,  resonance,  and  modulation  in  basic  ecosystem 
designs  and  evaluated  ecosystem  models. 

33-  Frequency  is  important  in  ecosystem  design  and  this  importance 
was  demonstrated  by  combining  concepts  from  ecology  and  systems 
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APPEJjOIX  A 
COMPUTER  PROGRAMS 

Conputer  progruns  used  in  this  studji  were  vrttten  in  Fprtran  4 
plus.  The  programs  used  in  this  study  are  structured  so  that  many  dif- 
ferent simulation  models  can  be  run  using  the  same  two  basic  programs. 
These  two  programs  were  adapted  from  programs  written  by  John  Richardson 
for  use  with  the  Digital  Equipment  Corporation  (DEC)  PDPll-34  computer. 
The  programs  Enter,  Alter,  and  Plotting  for  the  LA120  are  exactly  as  he 
wrote  them.  Enter  and  Alter  create  and  rearrange  a data  file,  respec- 
tively, that  is  then  input  to  the  main  programs.  The  program  Output 
calculates  the  mean  square  power,  the  mean,  the  variance,  the  maximum, 
the  minimum  and  the  standard  deviation  for  ten  variables,  The  Stats 
section  of  this  program  was  adapted  from  a similar  routine  written  by 
Chet  Kylstra  for  his  Data  acquisition  class;  GGPLOT  gives  the  time  series 
output  of  a simulation  model  for  the  DEC  VTC  10D  terminal.  Programs  for 
the  three  New  Zealand  marsh  models  are  given  in  this  appendix  and  and 
following  each  program  is  a list  of  data  input.  The  equations  and  stocks 
and  flows  for  the  theoretical  models  have  been  given  in  the  text  and 
computer  programs  for  them  can  be  easily  written  from  this  information. 
Programs  for  hierarchically  nested  versions  of  autocatalytic  ccmpetition 
and  the  trophic  chain  models  are  contained  here  as  programs  Corniest  and 
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APPENDIX  8 

DEVELOPMENT  OF  A SALT  MARSH 
CWPETITION  MODEL 

A c<mp«t1t1on  inodel  «as  developed  for  Invading  Spartlna 
tCFwnsendil  and  the  Juncus-Leptocarous  association  which  occupies  the 
native  marsh  at  the  Kaltuna  River  saltmarsh,  Havelock,  N.Z.  Figure 

Intermixed  throughout  the  marsh.  Rather,  there  Is  a distinct  boundary 
separating  the  flora.  Any  competition  between  Spartlna  and  Juncus- 
Leptocarpus  mist  Oe  visualized  as  occurring  along  this  boundary  or  as 
taking  place  In  an  unoccupied  area  which  Is  open  to  colonization  by 
both.  For  this  model  a hypothetical  meter  sguare  Is  taken  along  the 
floral  boundary.  This  area  is  considered  to  be  occupied  by  an  average 
biomass  of  the  grasses  based  on  the  samples  taken  nearnt  to  the  actual 
boundary  at  Havelock,  H.Z. 

Figure  38  shows  a simple  model  for  competition  between  Spar- 
tlna and  the  J uncus- Leptocarpus  association.  The  pathway  and  storage 
symbols  given  there  may  be  used  to  write  Che  following  equations: 

For  a single  energy  source  (without  dotted  lines  on  Figure  38] 
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Figure  fi>1 . A mag  drawn  fron  an  aerial  photograph  of  the  Spartii 
and  Juncua-leptoca rpps  marsh  at  Havelock,  N.Z.,  Feb 
26,  1979.  The  floral  boundary  and  the  watershed 
(A).  Causeway  Creek.  (B)  Marsh  Creek;  and  (C),  Fish 
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(3)  63  ■ k653"o  - ‘^703 

"O  ' (1  ♦ k(,a,  ♦ k,(C2  ♦ O3) 

For  a second  energy  source  (dotted  lines  on  Figure  3S] 

(1)  6,  . kjQiRjft,  - k30, 

(2)  6j  = k^q^RjR,  . kjOj 

(3)  63  ’ I‘6l33'‘fl''l  • ^703 

''0  ° kgfljR,  r k,‘(q2  r Qj)R, 

"l  ' '■oo'>1^0  ‘o!'«2  * '>3'"0 

An  estimate  of  the  sunlight  incident  on  the  marsh  in  January 
19B2  was  obtained  from  the  average  of  iO  years  of  soiar  insolation  data 
taken  by  the  New  Zealand  Keteorological  Service  for  Wellington  and 
Nelson  (see  Table  B‘1).  Weather  at  Havelock  is  usually  similar  to  con> 
ditions  at  Nelson  or  Wellington  and  therefore  the  average  of  these  two 
weather  stations  is  used  to  estimate  solar  insolation  for  Havelock;  I. 
for  t(j  = January  19,  1982,  is  then  assumed  to  be  equal  to  the  10-year 
average  of  the  January  values  in  Table  B-1  or  5,769  Cal/m^-day. 

Biomass  values  for  the  three  grasses  were  measured  by  harvest, 
January  through  AoriT  1982,  and  these  values  are  given  in  Table  6-2. 


393 


394 


395 


January  values  for  Soartina  front  the  flats  and  the  Juntos  and  leptocar- 
pus  from  the  Juncus  area  were  used  1n  order  to  best  approximate  values 
for  the  vegetation  at  the  floral  boundary.  Dry  weight  is  converted 
to  g C by  multiplying  by  O.SB  g C/g  dry  wt.  These  values  are  then 
divided  by  2 to  put  them  on  the  basis  of  a half  meter  sguare,  Sparti na 
biomass,  Q.|,  is  then  207-5  g C/m^;  Juncus  biemass.  Qj.  is  150  g C/m^; 
and  leptocarous  biomass.  O3.  is  178  g C/m^. 

Sraphs  of  vertical  light  penetration  were  used  to  estimate  the 
albedo  for  each  of  the  three  grasses  (see  Figure  B-2).  Differences 
between  the  measured  radiation  above  the  grass  and  that  measured  10  cm 
into  the  grass  were  assumed  to  be  mainly  due  to  the  scattering  and 
reflection  of  radiation  since  the  amount  of  biomass  present  for  absorp- 
tion was  smal 1 . Based  on  these  readings  Soartina  has  an  albedo  of  about 
lot,  Juncus  around  20t,  and  Leptocarous  about  15t.  If  these  values  are 
weighted  by  the  biomass  present  in  our  hypothetical  meter  square  the 
average  albedo  is  14.46*  which  gives  a value  of  034  Cal/m^-day  for  in 
Fibure  30.  If  we  now  assume  that  the  incident  sunlight  used  is  par- 
titioned between  the  grasses  according  to  the  amount  of  biomass  present, 
Soartina  receives  about  2,013  Cal/m^-day  on  pathway  kj  and  Juncus- 
Leptocarpus  takes  2,922  Cal/m^-day  on  pathway  k^ 

Gross  primary  production  in  the  Kaltuna  River  salt  marsh  was 
estimated  from  harvest  measurements  of  net  primary  production  made  in 
New  Zealand  and  gas  metabolism  estimates  of  net  primary  production  and 
respiration  for  Soartina  and  Juncus  species  in  Florida.  Studies  on  the 
photosynthetic  metabolism  of  Soartina  anglica  in  Great  Britain  indicate 


figure  B-Z. 


L1gnt  penetration  graphs  1n  salt  marsh  cc 
angle  to  the  vertical,  February  1S,  1982. 
(b)  Spartina:  (c)  Leptoearnus:  (d)  Juncus 


pnotosynthetic  metabolism  is  probably  as  great  as  C4  plants 


from  more  tropical  climates  (Smith  et  a1..  1982).  Thus,  combining 
production  data  from  Florida  and  New  Zealand  salt  marshes  may  not  be 
unreasonable.  Respiration  data  from  three  years  in  Florida  studies  were 
used  when  July  and  August  temperature  readings  were  comoarable  to  those 
measured  in  January  in  New  Zealand  [see  Table  B-3).  From  harvest 
estimates  net  primary  production  for  Soartina  on  the  flats  was  4.91  g C/ 
m^-day  from  January  19  to  February  16,  1982  (see  Table  B-2).  The  air 
temperature  in  New  Zealand  for  January  sample  days  was  about  28*C. 

The  average  Sparti na  respiration  for  three  suinners  in  Table  B-3  was 
1-93  g C/m^-day  at  temperature  28-4°C.  The  estimated  6PF  for  Spartina 
is  6.84  g C/m^-day  (6PP  » NPP  ♦ R).  Similarly,  Juncus  net  primary 
production  estimated  by  harvest  was  1.B9  g C/m^-day.  Average  respira- 
tion for  Juncus  for  the  three  Florida  summers  was  2.74  g C/m^-day  at 
an  average  temperature  of  30.1°C.  If  we  assume  that  Juncus  and 
Lepto carpus  have  similar  respirations  and  that  Juncus  metabolism  in 
Florida  is  similar  to  its  metabolism  in  New  Zealand  then  46t  of  the 
respiration  is  prorated  to  Juncus  based  on  biomass  estimates  giving 
1 .25  g C/m^-day  in  Juncus  respiration  and  a GPP  for  Juncus  of 
3.14  g C/m'^-day.  The  complement  of  Juncus  respiration  is  then  Lepto- 
carpus  respiration  or  1.49  g C/m^-day.  If  Leotocarous  at  the  Havelock 
marsh  is  close  to  steady  state  at  the  time  of  January  measurements  then 
respiration  and  losa  to  dead  must  balance  Gross  Primary  Production. 

The  loss  to  dead  from  the  Juncus-Leptoca rpus  comolex  was  1-99  g C/m^- 
day  frcn  January  to  February  1963  (Table  B-2)  and  most  of  this  loss  was 
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contributed  by  Leptocarpus.  If  75%  of  the  standins  dead  is  assuated  to 
be  Leptoca rpus.  then  1.49  g C/m^-day  was  lost  to  dead  by  Leptocarpus 
giving  2.98  g C/n^-day  fiPP  for  Leptocarpus  {6PP  = Respiration  + Loss  to 
dead).  The  remaining  0.50  g C/n^-day  is  lost  to  dead  by  Juncus  which 
is  then  given  a GPP  value  of  3.64  g C/m  -day.  The  Gross  Primary  Pro- 
duction for  the  Juncus-Leptocarpus  association  is  then  6.62  g C/n^-day 
which  compares  favorably  with  Juncus  GPP  measured  in  Florida  of 
7.15  g C/m^-day  at  slightly  higher  temperature.  One-half  of  the  values 
given  for  pathway  flows  must  be  taken  to  get  the  numbers  on  Figure  38. 

Values  on  the  dotted  pathways  in  Figure  38  were  calculated 
based  on  a C:N  requirement  of  5.5:1  for  marsh  grass.  Nitrogen  was 
assumed  to  be  the  limiting  growth  factor  for  marsh  grasses  and  therefore 
almost  all  of  the  available  supply  was  utilized. 


APPENDIX  Z 

DEVELOPMENT  OF  A MINIMODEL 
FOR  THE  KAITUNA  RIVER  SALT  MARSH 

The  Keltuns  salt  marsh  mlnimodel  consists  of  an  Invading 
Spartina  townsandll  storage,  a labile  nitrogen  storage,  and  a sediment 
nitrogen  storage.  Solar  energy  and  available  nitrogen  are  assumed  to  be 
the  major  factors  determining  growth  of  Spartina . The  model  is  driven 
by  three  forcing  functions— sun,  tide,  and  river  flow.  The  evaluated 
model  is  shown  In  Figure  41  with  the  symbols  for  storages,  sources,  and 
pathway  coefficients  that  are  needed  to  write  the  following  equations: 

(1)  8,  ■ k„N,X  - k5Q,R  ♦ kjOj  * kgOj  * k,(N3  - 0,){E  * K) 

(E)  Qj  = k,0,R  - kjDj  - kjOj 

(3)  Qj  = kjjNjK  + kgOj  - kgDj  - kgQjlE  * to 

(5)  I • 3,450  ♦ 2.350  Sin(27i  f((T  * 120)/365)1 

{6)  E = 5.4,10®  * 2.02*10®  sin(2ir  f((T  + 10.S)/14)) 

(7)  K = 4.5*10®  t 2.14*10®  sih(2m  f({T  + 212)/365)) 


402 


When  the  recycle  aid  is  active  in  Figure  41,  the  k.O,  terms  1n 
Equations  (1)  and  (3)  became  k^O^S.  Some  values  in  Figure  41  were  esti- 
mated from  measurements  made  on  the  marsh  at  Havelock,  N.Z.,  during 
the  suimer  of  1982.  Other  information  came  from  hew  Zealand  meteoro- 
logical and  hydrological  reports  and  unpublished  watershed  studies  of 
the  Waitemata  Harbour  near  Auckland,  N.Z.  where  data  from  Hew  Zealand 
was  unavailable  an  estimate  for  the  unknown  parameter  was  made  based 
upon  either  the  literature  or  our  knowledge  of  marsh  ecosystems.  The 
following  notes  describe  how  the  approximate  values  of  flows  shown  in 
Figure  41  were  determined.  Solar  input  is  the  10  yr  mean  of  Nelson 
and  Wellington  stations  measured  by  Epply  pyroheliometer  taken  as  an 
estimate  of  Havelock  insolation.  The  mean  was  3,450  Ca1/m^-day  and 
amplitude  was  2,250  Cal/m^-day.  Kaituna  River  flow  is  estimated  from 
the  mean  of  a 5 yr  flow  record  at  station  59003  in  the  Kaituna  River. 
Storm  events  > 10,000  cu  ft/sec  were  removed  and  the  flow  is  entered 
as  a sine  wave  of  wet  and  dry  seasons.  The  mean  flow  was  4.5x10° 
m^/day  and  the  amplitude  of  seasonal  pulse  was  2.14x10^  m^/day.  Tidal 
input  is  taken  from  the  Nelson  tide  heights  adjusted  to  Havelock  and 
input  as  a fortnightly  sine  wave  of  exchange  volume.  The  mean  exchange 
was  5.4x10^  m^/day  and  fortnightly  amplitude  was  2.02x10^  m^/day. 

Estimation  of  the  C and  N in  sediment  of  the  Kaituna  estuary 
was  performed  under  the  following  assumption.  Kaituna  River  mud  flats 
are  assumed  to  be  similar  to  mud  flats  of  the  Waitemata  Harbour  with 
regard  to  the  content  of  ROC.  readily  oxidiaable  carbon.  If  the  clay 
content  of  bare  mud  and  Spartina  mud  at  Havelock  is  similar  then  the 
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difference  in  organic  matter  content  on  ignition  Is  all  organic  natter 
and  not  bound  water.  The  organic  matter  content  of  Soarti na  nud  is 
then  the  average  ROC  value  for  Waitemata  Harbour  mud  plus  the  percent* 
age  difference  between  Spartina  and  bare  mud  at  Havelock.  A C:N  ratio 
of  5.5:1  for  detritus  and  10:1  for  sediment  organic  matter  was  used. 
Average  ROC  from  upper  Waitemata  Harbour  data  was  1.83X  with  an  average 
TKN  of  1,81B  mg/kg.  The  C;N  ratio  for  these  sediments  1s  These 

were  intertidal  samples  taken  away  from  the  channel  with  clay  contents 
of  >50t. 

There  was  1.351  more  organic  matter  in  Spartina  mud  at  Havelock 
than  in  bare  inid  as  measured  by  loss  on  ignition.  This  material  was 
assumed  to  nave  a C:H  ratio  of  5.5:1;  1.351  organic  matter  x 0.56  g C/ 

9 organic  matter  ° 0.7831  C a 5.5  g C/g  N w 0.1421  N * 0.1831  K > 

0.3251  N in  Soarti na  sediment  at  Havelock  and  2.611  C in  the  same  sedi- 
ment. Sediment  N content  for  a m^  by  0.1  m deep  volume  with  density 
about  2.0  g/cc  is  then  2.0x10^  g sediment  x 0.003251  N or  about  650  g 
sediment  N m*^. 

The  organic  nitrogen  exported  from  the  marsh  in  sediment  and 
detritus  was  estimated  from  sediment  exchange  data  taken  at  Havelock, 
figure  C-1  shows  the  diurnal  record  of  particulate  matter  and  ash  con- 
tent for  Causeway  Creek  sediment  station  on  March  16,  1983.  Table  C-1 
gives  the  mean  concentrations  of  suspended  matter  for  ebb  and  flood 
tide.  Ebb  tide  was  observed  to  run  for  7.33  hrs  and  flood  tide  for 
5.67  hrs. 

Assuming  that  ebb  and  flood  tide  have  about  the  same  mean 
velocity,  more  water  leaves  the  marsh  surface  than  is  brought  in  by  the 


Figure  C~1.  Diurnal  recon]  of  tne  particulate  matter  and  ashed 
content  of  the  particulate  natter  on  inflowing  and  outflowing 
tide,  March  16.  1982. 
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tide,  tne  additional  water  enters  from  tne  river  flow.  The  average 
height  of  the  tidal  prism  on  March  16  was  measured  to  be  0.566  meters. 
The  area  of  Causeway  Creek  Is  277,350  n^.  Flood  water  volume  Into  the 
marsh  Is  approxlnately  277,350  x 0.566  m = 156,980  water  input. 

Ebb  tide  carries  29S  more  water  than  flood  tide  so  202,504  m^  water 
leave  the  marsh.  On  flood  tide,  23.5  g/m^  x 156,980  m^  = 3,689,030  i 
277,350  = 13.30  g/n^.  On  ebb  tide,  25.4  g/m^  x 202,504  m^  = 

5,143,601  g ^ 277,350  m^  ■ 18.55  g/m^;  18.55  g/m^  out  - 13.30  g/m^  in 
w 5.25  g/m^  mineral  matter  exported.  A similar  calculation  gives  a net 
export  of  0.57  g/m^  organic  matter.  These  results  are  given  In  Table 
C-2. 

If  sediment  N is  exported  in  proportion  to  mineral  matter  then 
5.25  g/m^  exported  x 0.003255  N in  sediment  * 0.017  g N/m^  exported. 

If  0.57  g/m^  x 0.58  g C/g  = 0.331  g C exported.  If  C;N  ratio  is  10:1 
then  0.17  g C/m^  of  this  organic  matter  is  from  the  sediment.  Then 
0.161  g C exported  has  the  Spartlna  C;H  ratio  of  5.5:1  or  0.029  g N/m^ 

♦ 0.017  g H/i?  = 0.046  g N/ra^  exported  on  March  16,  1982,  from  the 
Havelock  marsh.  These  figures  are  per  tide  so  n0.092  g N/m^  is  exported 
per  day.  On  January  19  there  was  only  60S  of  March  16's  water  on  the 
marsh,  so  N loss  was  lower.  Flow  J^  in  Figure  41  Is  tidal  and  should 
be  at  least  doubled  to  account  for  dally  loss.  A loss  of  0.104  g N/m*^' 
day  would  balance  the  sediment  N tank  and  not  be  unreasonable.  Flow  J^ 
as  simulated  is  somewhat  too  low. 

Inorganic  nitrogen  exchange  through  mixing  was  evaluated  as 
follows.  Mtrogen  concentration  in  the  river  and  estuary  were  assumed 


Table  C-2. 
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Estimate  of  net  suspended  matter,  erosion,  and  sedinen* 
tation  at  Kaituna  River  marsh,  Harch  18,  1982 


Erosion  (-)  or  Sedimentation  (t) 
9/mZ  per  tide 

Location  Area  Seston  Mineral  Volatile 

Causeway  277,350  -5.96  -5.25  -0.57 

Harsh  66,871  -2.52  -2.54  0.00 

Fish*  2,535  -54.40  -47.90  -6.13 


'Estimate  of  average  height  of  tide  prism  taken  from  76  measures 
over  this  area  at  high  tide  for  Harch  16,  1982  • 0.556  meters. 
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to  be  similar  to  avera9e  values  recorded  in  the  Lucas  Creek  and  Lucas 
estuary  of  the  Ualtanata  Harbour.  The  watersheds  of  both  areas  have 
a slirilar  land  use  pattern,  that  Is  about  ZOt  bush  and  SOS  pasture. 

The  average  river  content  of  N was  0.552  g N/m^  and  0.100  g N/m^  was 
the  average  estuarine  content  of  H,  Average  Kaituna  River  discharge 
• 4.5x10®  m®/day.  Harsh  area  is  817,068  m^.  On  January  19  river  dis- 
charge was  3.459x10®  and  tidal  exchange  was  3.38x10®  n®.  Total  ebb 
flow  was  6.839x10®  m®;  0.552  g H/m®  x 0.50  river  water  • 0.276  g 8/n® 
entered  from  the  riven  0.100  g N/m®  x 0.50  tide  water  = 0.050  g N/m® 
entered  from  the  sound;  0.326  g H/m®  Is  the  concentration  N on  the 

Storage  was  estimated  at  high  water  or  1.0  m on  January  19 
to  be  equal;  0.276  g N/m®  present  on  the  marsn  minus  0.0414  g N/n® 
returning  from  estuary  « 0.235  g N/m  -day  exported.  Flow  Jj  In  Figure 
41  is  0.233  g N/m®-day.  On  January  19  river  input  was  0.552  g N/m®  x 
3.459  X 10®  m®  = 1.909x10®  g H f 817,068  m®  ■ 0.234  g f(/m®-day  import 
from  river  Is  flow  J.|.)  In  Figure  41.  Similarly,  flow  J.^  is  0.235  g 
N/m®-day  which  is  the  inflow  or  organic  nitrogen  assumed  to  go  to  the 
sediments. 

The  standing  stock  of  live  Soartina  is  seen  from  Table  B-2  to 
be  903  g dry  wt/m®  for  January  19,  1983;  903  g/m®  x 0.58  g C/g  ■ 

524  g C/m®  is  the  storage  Qg  of  Soartina  in  Figure  41.  The  net  pro- 
duction of  Soartina  on  the  marsh  from  January-February  1982  was  2.88  g 
C/m  -day.  See  Table  B-2.  On  the  average  resoiration  was  405  of  net 
production  at  the  Crystal  River  control  site  for  the  sunmer  of  1980 
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(Odum  and  Caldwell,  1980).  An  estimate  of  Spartina  respiration  of 
1.16  9 C/m^-day  nay  be  reasonable  for  flow  ■ 0.211  g N/m^>day 

follows  directly  if  C:N  = 5.5:1  for  Spartina.  A minimum  estimate  for 
SPP,  J,  is  then  4.0  g N/n^-day  (Np  t RESP).  The  input  from  live  to 
dead  Spartina,  flow  was  2.11  g C/n^-day  from  January-Pebruary  1982 
(Table  B-2)  and  so  flow  Jg  follows  as  0.384  g N/m^-day.  A better  esti- 
mate of  net  production  would  include  the  loss  to  dead  in  net  production, 
4.99  9 C/n^-day  + respiration  2.0  g C/m^-day  * gross  primary  production, 
7,0  g C/m^-day,  Both  these  numbers  are  within  the  range  of  values 
measured  tor  Spartina  in  the  summer  over  5 years  of  sampling  at  Crystal 
River,  Florida. 

The  uptake  of  inorganic  N by  Spartina  is  then  4,0  g C/m^-day  f 
S.5  g N/g  C = 0.727  g R/m^-day  for  flow  Jj  in  Figure  41,  Solar  insola- 
tion for  January  19  was  5,630  Cal/m^-day  from  10  yr  average  already 
given.  The  albedo  for  Sparti na  has  been  measured  at  about  lot.  Thus, 
the  value  of  R is  563  Cal/m^-day.  Hopkinson  and  Oay  (1977)  estimated 
the  remineralization  of  nitrogen  by  microbes  and  macrcfauna  to  be  about 
0.289  g N/m^-day.  This  value  was  used  as  a first  apbrozimation  to  flow 
Jg.  The  actual  value  used  for  Jg  was  0.515  g N/m‘^-day  which  was  set  to 
balance  the  N reouirements  of  Spartina  and  export  on  labile  N supplies. 
The  nature  of  the  recycle  aid  is  unspecified  and  is  simply  entered  as  a 
sine  wave  of  mean  1,0  and  amplitude  0.5. 

Several  ratios  of  output  to  input  parameters  were  used  to 
evaluate  the  frequency  response  of  the  salt  marsh  minimodal  at  the  sys- 
tem level  as  well  as  at  the  component  level.  One  parameter  used  to  show 
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the  emouht  of  power  captured  by  the  system  Is  given  as  J^q  in  Figure  A1 ; 
R is  the  energy  remaining  which  can  be  used  and  it  is  the  complement  of 
A second  parameter  of  interest  is  the  total  power  circulating  on 
all  the  pathways  within  the  system.  This  parameter  is  abbreviated 
^circ  pathway  flows  J.|.  Jji  J7.  Jj.  and 

expressed  in  equivalent  units.  The  power  produced  by  this  model  is 
simply  the  flow  0^  and  power  used  is  The  power  input  to  the  model 
or  is  the  sum  of  the  powers  on  J.|,  and  i"  equivalent  units. 

The  power  exported  is  J and  is  calculated  as  the  sum  of  Jj  and  Jg  in 

Output  to  input  ratios  for  the  individual  components  are  simply 
taken  as  the  sum  of  the  power  in  outflows  of  the  storage  to  the  sum  of 
the  inflows  to  the  storage.  For  example  the  outflows  from  the  labile 
nitrogen  tank  are  0^  and  J^.  the  inflows  to  this  tank  are  Jg,  and 
Jj  so  the  output-input  ratio  evaluated  is  (Jj  + * Jj  + Jj)  • 
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APPENDIX  D 

THE  DEVELOPMENT  OF  A SALT  MARSH  TROPHIC  CHAIN  MODEL 

A model  of  a salt  marsN  trooNic  chain  was  developed  based  on 
observation  of  the  Kaituna  River  salt  marsh  at  Havelock,  New  Zealand. 
Supplementary  information  from  salt  marsh  studies  at  Sapelo  Island 
(Pomeroy  and  Wiegert,  1931)  and  from  the  United  Kingdom  (Newell,  R,  C-, 
1985]  were  incorporated  In  the  model.  The  evaluated  model  given  in 
Figure  50(a)  shows  a chain  beginning  with  Spartina  townsendii  which 
contributes  both  dissolved  organic  carbon  and  detritus  to  storages  in 
the  system.  Bacteria  exploit  the  reservoir  of  DOC  and  in  turn  they  are 
fed  upon  by  the  snail  Potamopyrgus  which  turns  over  large  guantities  of 
sediment  In  order  to  strip  it  of  bacteria.  The  model  is  driven 
by  four  forcing  functions— sun,  temperature,  river  DOC,  and  predator 
harvest  of  Potamopyrgus.  Each  pathway  storage  and  source  in  Figure 
50(a)  is  given  a symbol  so  that  the  following  equations  for  the  model 
nay  be  written  directly. 

(1)  SP  ■ k,*SP*P*B*R  - k2*SP  - kj’SP  - k,,*SP 

(2)  SC  ■ kj'SP  - kj'SC  - kj'SC'P  * kg»SC*P  - li,7*SC 

(3)  DOC  = k,,»SP  * k,5*K  ♦ k,*SC  - kj*D0C*B*P*E  ♦ k,j*00C*B*P*E 

(4)  a = k„*D0CrB'P*E  - k,*a  - k,j*B*P 
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(5) 


(6)  R '=  I/O  * kQ»SP*B’P) 

For  the  model  given  in  Figure  50(b)  the  first  term  in  Equation 

(5)  becomes  kjj’B’P’S,  the  third  term  in  Equation  (4)  is  fc,2*B’F»S, 

the  third  and  fourth  terms  in  Equation  (2)  become  kg'SCrP'S  ♦ kj*SC*P*S. 
For  the  model  version  in  Figure  50(c)  a11  secondary  feedbacks  are 
removed  and  the  equations  which  are  altered  become 

(1)  SP  • k,*SP  - k2*SP  - kj'SP  - k,,*SP 

(2)  SC  " kj^SP  - k^'SC  - kj'SC  ♦ kjSC  - k,7*SC 

(3)  DOC  = k^j*SP  + k,5*K  ♦ k^’SC  - k^rDCC’ErE  r k,j-*DOC*0»E 

(4)  3 ■ k,,*DOC*B’E  - k^rfi  - k^^'B'P 

(6)  R " 1/(1  * k(,*SP) 

Evaluation  of  the  Trophic  Chain  Hedel 
The  sunlight  incident  upon  the  marsh  was  estimated  as  previously 
described  in  Agpendix  B and  C.  The  albedo  of  Soartina  was  estimated  by 
the  method  stated  in  B and  found  to  be  about  10*.  Therefore,  of  the 
5,769  Cal/m^-day,  I,  incident  on  the  marsh  about  5,192  Cal/m^-day,  Rq, 
were  captured  by  the  Soarti na  leaving  577  Cal/m^-Oay,  R,  remaining.  For 
the  subsequent  pathway  evaluation  all  Che  k.  values  in  Figure  5C(a)  are 


given  as  J,  values,  indicating  that  flows  are  given  instead  of  coef- 
ficients of  transfer. 

The  gross  primary  production  and  respiration  of  the  Spartina 
marsh  were  estimated  in  Appendix  B and  these  values  are  used  here  as 
well.  The  SPP  of  Spartina  f1cM  Is  taken  as  6.3d  g C/m^-day.  The 
Spartina  respiration  as  in  Appendix  B is  1.93  g C/m^-day  leaving 
A. 91  g C/m^-day  net  production,  field  measurements  for  January-Fehruary 
1982  gave  a figure  of  2.12  g C/m^-day  loss  from  standing  dead.  Some 
of  this  loss  is  to  OOC  and  some  is  to  sediment  carbon.  Gallagher  and 
Pfeiffer  (1977)  found  that  dead  Spartina  exuded  about  200  pg  C/g  dry 
weight  ■ hours  submerged  and  that  live  Soarti na  exuded  about  half  this 
amount.  Therefore, 

200  u9  0/9  dry  wt  • hr  submerged  x 299  g dry  wt/m^ 

X 12  hrs  submerged  per  day  = 0.716  g C/m^-day 

100  ug  C/g  dry  wt  - hr  submerged  x 716  g dry  wt/m‘ 

X 12  hrs  submerged  per  day  > 0.859  g C/m^-day 

0.716  g 0/m^-day  exuded  by  dead  r 0.659  g C/m^-day  exuded 
by  live  = 1.58  g C/si^-day  DOC  exuded  by  Spertina 
is  flow  in  figure  50(a) 

2.12  g C/m  -day  loss  from  dead  • 0.718  g C/m^-day  exuded  MC 


C/m -day  carbon  input  to  the  sediment,  flow 


The  biomass  of  Snartina.  storaoe  SP,  includes  both  live  and  standing  dead 
measured  in  January  1982  as  589  g C/n^  on  tne  flats.  Sediment  carbon, 
storage  SC,  was  estimated  as  in  Aopendix  C and  was  taken  to  be  5,230  9 
C/m‘  for  the  top  10  cm  of  sediment.  Information  for  the  salt  marsh 
aerobic  bacteria  was  taken  from  work  done  at  Sapelo  Island,  Georgia. 

The  bacteria  bicmass,  8,  in  the  upper  1 cm  of  a tall  Soartina  marsh  was 
about  1.3  g C/m^  in  February  1974  {Christian  et  al.,  1981).  The  DOC 
available  as  a substrate  for  such  bacteria  in  the  Duplin  River,  Georgia, 
for  July  1972  was  about  7 mg  C/1  » 7 g/m^  X 1.5  m water  at  high  tide  • 
10.5  g/m^  is  taken  as  the  value  for  DOC  in  Figure  50. 

Christian  and  Hall  (1978)  have  investigated  the  organic  carbon 
uptake  rates  for  Sapelo  Island  marsh  bacteria.  If  all  the  DOC  is 
potentially  bacterial  substrate  then  5.47  hr,  the  mean  turnover  time 
with  respect  to  substrate,  can  be  used  to  estimate  and  uptake  of 
1.28  mg  C/1  • hr.  For  the  whole  water  column  of  1 .5  m this  gives 
1.92  g C/m^-hr  and  uptake  for  24  hrs  Is  46.1  g C/rf,  flow  Jg  in  Figure 
S0(a).  If  we  assume  that  bacterial  assimilation  is  335  then  15.32  g 
C/m^-day  are  assimilated,  flow  J.jp  of  which  22*  is  remineralired 
according  to  Christian  and  Hall  (1978)  giving  3.37  g C/m^>day  bacterial 
respiration,  flow  J^.  Assuming  that  most  of  the  net  production  is 
transferred  to  the  next  trophic  level,  11.9  g C/m^-day  are  taken  by 
PotamoDvrous  as  flow  J.|2.  The  remainder  of  DOC  not  used  is  returned  to 
the  DOC  pool,  a flow  of  30.77  g C/m^-day  as  J,g. 

The  biomass  of  Potamopvrgus  was  measured  in  January  1982  in 
Havelock,  H.Z.,  to  be  77.7  g C/m^,  storage  P (see  Table  D-1).  The 
respiration  of  Littorina  frcrni  the  Sapelo  marshes  of  Georgia  was 
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Table  D-1 . Bicnass  of  Potaitiopvrous  In  Spartlna  marsh 
Buinber  per  m Ash  Free  Dry  Mefpht  g/(n 


41.920 
71,910 
25.060 
56  B90 
56,550 
22,261 


420 


calculated  by  MisMaa  and  Odum  (1963)  from  data  on  Zn®®  excretion  for 
several  sizes  of  snails  and  from  Smalley's  (196B)  data  on  respiration 
of  large  (15-20  itm)  LIttorIna-  Smalley  gives  0.55  ml  O^/g  for  large 
snails.  The  respiration  rate  for  small  snails  was  estimated  to  be 
0.77  ml  Oj/g  times  1.429  mg  Dj/ml  = 1.107  mg  Oj/g  + 0.58  g C/g  dry 
wt  X 0.5  mg  C/mg  Oj  • 0.955  mg  C/g  C • hr  x 77.7  g C/tn^  ~ 74.2  mg  C/hr 
X 24  hrs  i 1 ,000  itg/g  • 1.789  g C/m'^-day  respiration  of  Potamopyrgus  or 
flow  Jg.  Potamopyrgus  was  assigned  an  assimilation  efficiency  of  15S 
which  gave  2.02  g C/m^-day  for  flow  The  snail  population  Is 
assumed  to  be  in  steady  state  so  0.24  g C/m^-day  or  more  may  be  lost 
through  predation  flow  J.|g.  Turnover  of  sediment  carbon  by  Potamoovrcus 
is  assumed  to  be  lOCK  of  the  upper  centimeter  per  day  or  523  g C/m^-day. 
Assuming  12  g C/m'’  is  the  concentration  of  DOC  in  the  Itaituna  River. 

5.18  g C/m^-day  enter  the  marsh  as  flow  Jjg. 

The  OOC  tank  reguires  a value  of  8.57  g C/m^-day  input  from 
sediment  carbon  in  order  to  balance.  This  leaves  a net  increase  of 
2.73  g C/m‘^-day  which  is  assumed  to  be  lost  or  burled  in  deeper  layers. 

The  nutritional  relationship  assumed  to  exist  between  the  small 
snail  Potamopyrgus  and  bacteria  in  the  marsh  sediment  was  based  on  the 
work  done  by  R.  C.  Newell  (1965)  on  a similar  small  snail  Hydrobia 
ulvae  on  the  muddy  shores  of  the  Thames  estuary.  Both  sediment  and 
bacteria  are  assumed  to  be  taken  by  the  deposit  feeding  snail  and  then 
returned  to  the  sediment  in  the  form  of  pseudofeces,  as  Newell  observed 
for  Hydrobia . This  model  had  a tendency  to  be  somewhat  unstable  in  the 
long  run  but  it  could  be  balanced  by  increasing  the  predation  pressure 


on  Potanopyrgus - In  nature  this  pressure  is  probably  supplied  by  such 
birds  as  ducks  and  such  fish  as  flounder  Mhicii  consume  the  similar 
species  Hydrobia  in  Europe  (Fish  and  Fish,  1974,  and  Anderson,  1971). 
Tables  D-E  and  D-3  shcu  that  both  these  animals  are  a part  of  the  marsh 
ecosystem. 

Input  and  Output  Parameters  Used 
for  Analysis  Of  the  Trophic  Chain  Hodel 

The  system  output-input  parameters  used  to  evaluate  the  fre> 
guency  response  of  the  salt  marsh  trophic  chain  model  are  giver  using 
the  J^'s  for  the  k^'s  in  Figure  60(a). 

(1)  Jeirc-'^l 

■*  ‘^12  * '^13 

Wced  = '’l  ^JlS 

(3)  + J;  ♦ Jg 
Jin  ■ ^1  ’ JlS  "Eg 

<5)  Jout  ' ^16  * ^17  * Je  * * Js 

In  addition,  I is  the  power  available  to  the  model  and  R is  the  power 
remaining  for  use  by  the  system,  In  determining  the  output-input  ratios 
for  variable  power  the  variation  input  by  temperature,  E in  Eguation 

(4)  was  figured  into  the  total  variation  entering  the  model.  This  was 


Table  0-2.  Fish  collected  from  a blocked  tidal  creek  In  Havelock, 
K.Z-  Drainage  area  = 2535  m2  (see  Figure  B-1),  February 
17,  1982 


Total  Met  Wt.  8ms  of  Species 

Fish  Species  I Collected  gms.  per  m2 


Aldrichetta  forsteri 
(yel  Im  eyed  mullet) 


Gobiqnorphus  gobiodes 
(giant  bul  1^ 


All  fish 


99 


65.6  0.026D 

lAl.O  0.0560 
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Table  D-3.  Exploratory  bird  counts  1n  Uftuna  River  narth  and  mud- 
flat,  11-12  a.m.,  February  19,  1982 

Area  Area  ba  Species  Birds  per  Ha 

Spartina  east  of  river  24.5  Salllnules  0.290 

Ducks  0.650 

Herons  0.045 

Harrier  0.021 

Bulls  and  terns  0.004 

1.000 

Spartina  west  of  river  5.7  GalUnules  0.880 

Ducks  0.170 

Gulls  and  terns  0.140 

1.190 

Hud  area  nortn  of  rsarsn  Ducks  0.910 

Herons  0.048 

Gulls  and  terns  0.190 

1.580 


fraction  of  tine 


divided  by 
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done  by  calculating  the  variability  introduced  at  the  temperature 
interaction  in  eouivalent  units  as  if  there  was  a direct  proportion 
between  the  amplitude  of  temperature  variation  and  the  amplitude  of 
the  carbon  signal  generated  at  the  interaction,  Since  this  is  rot  a 
real  flow  of  material  it  was  not  added  into  the  total  mean  sguare  power 
input  to  the  system  which  cones  only  from  the  sun  and  river  forcing 
functions. 

The  push-pu11  type  of  interaction  employed  to  simulate 
temperature  action  was  first  used  by  £yring  and  Eyring  (1963}  and 
adapted  for  use  in  energy  language  models  by  Kemp  (1977).  The  Interac- 
tion Includes  both  a positive  and  negative  effect  of  temperature  on  a 
storage  which  represents  an  increase  in  anabolic  as  well  as  catabolic 
processes  brought  about  by  temperature. 
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